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Summary 

Neurons extend their processes far away to form specialized contact sites—synapses—with 

other cells. Synaptic loss underlies many devastating diseases of the nervous system, beginning 

with degeneration of the nerve terminals before pathology slowly spreads to the soma in a “dying-

back” pattern. Mitochondria are multifaceted organelles that significantly shape synaptic function 

by providing energy in the form of ATP, buffering Ca2+ ions, and metabolizing neurotransmitters, 

among many other tasks. Maintaining an appropriate number and quality of mitochondria 

(‘mitostasis’) is considered to be a key process in healthy synapses. Unlike the soma, however, 

axons and synapses are thought to lack most of the machinery for mitochondrial turnover, 

specifically for biogenesis and degradation of mitochondria. Instead, axonal transport developed 

to replace peripheral mitochondria continuously with “new” mitochondria from the soma 

(anterograde transport) and shuttle “old” mitochondria to the soma for degradation (retrograde 

transport). This intricate link between mitochondrial dynamics and turnover makes mitostasis a 

logistical challenge for neurons, especially for extended projection-type neurons such as those 

affected by Amyotrophic lateral sclerosis (ALS) or Parkinson’s disease (PD). As a solution to this 

problem, local mechanisms for mitochondrial turnover have been proposed, although the 

interplay between such local and global forces largely remains unknown in vivo. In particular, 

whether local, compartment-specific mechanisms of mitostasis determine the synapse-specific 

vulnerability in disease remains unknown. The aim of this thesis is to explore these questions via 

a novel optical ‘pulse-chase’ assay. Based on transgenic mice that express photoswitchable 

proteins in neuronal mitochondria, this assay allowed tracking mitochondria on a single-organelle 

level over an extended period. Due to its relevance in motor neuron disease, as well as its 

excellent experimental accessibility and large size, the mature neuromuscular junction was used 

as a model synapse. This approach allowed me to sketch multiple aspects of the ‘lifecycle’ of 

synaptic mitochondria in situ: (1) on the one hand, “new” mitochondria are specifically targeted 

to synaptic sites via fast anterograde transport from the soma to share their contents with the 

residual pool of synaptic mitochondria via fusion, which constitutes a unique behavior 

uncharacteristic of typical stationary axonal mitochondria. (2) On the other hand, the bulk (75%) 

of mitochondrial degradation occurs directly at the synapse, where a reiterative degradation 

system of perinodal “checkpoints” was discovered that establishes mitochondrial mass balance. 

This system captures dysfunctional mitochondria from the retrograde stream of moving 

mitochondria and redirects them to local “hotspots” of lysosomal degradation, refuting the 

canonical textbook view that long-range retrograde transport is responsible for most 

mitochondrial elimination in axons. In murine models of motor neuron disease, this mechanism 

was largely amplified. Interestingly, this distal mechanism was mediated via optineurin, a motor 

neuron disease-related mitophagy adaptor, but not by PINK1 and parkin, which are mitophagy 
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mediators implicated in Parkinson’s disease. This leads to the conclusion that in situ mitostasis 

is a highly compartmentalized process with implications for cell type- and compartment-specific 

vulnerability in neurodegenerative diseases. To summarize, optical ‘pulse-chase’ imaging allows 

important insights into how mitostasis is established within neurons and will hopefully present as 

a useful tool to further investigate mitostasis in future work.   
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Zusammenfassung 

Nervenzellen dehnen ihre Ausläufer sehr weit aus, um spezielle Kontaktstellen – Synapsen – 

mit anderen Zellen zu bilden. Der Verlust von Synapsen liegt vielen verheerenden Erkrankungen 

des Nervensystems zugrunde, beginnend mit der Degeneration von Nervenenden, bevor sich 

die Pathologie in einem „Dying-back“-Muster langsam in Richtung Zellkörper ausbreitet. 

Mitochondrien sind vielschichtige Organellen, die die Funktion von Synapsen maßgeblich 

beeinflussen, indem sie neben vielen anderen Aufgaben Energie in Form von ATP bereitstellen, 

Ca2+-Ionen puffern und Neurotransmitter metabolisieren. Die Aufrechterhaltung einer 

angemessenen Anzahl und Qualität der Mitochondrien („Mitostase“) gilt als Schlüsselprozess für 

gesunde Synapsen. Im Gegensatz zum Soma wird jedoch angenommen, dass Axonen und 

Synapsen die meisten Mechanismen für den mitochondrialen Umsatz, insbesondere für die 

Biogenese und den Abbau von Mitochondrien, fehlen. Stattdessen entwickelte sich axonaler 

Transport, um periphere Mitochondrien kontinuierlich durch „neue“ Mitochondrien aus dem Soma 

zu ersetzen (anterograder Transport) und „alte“ Mitochondrien zum Abbau in Richtung Soma zu 

transportieren (retrograder Transport). Dieser komplizierte Zusammenhang zwischen 

mitochondrialer Dynamik und Umsatz macht die Mitostase zu einer logistischen Herausforderung 

für Neuronen, insbesondere für Neuronen vom Projektionstyp, die beispielsweise von 

Amyotropher Lateralsklerose (ALS) oder der Parkinson-Krankheit (PD) betroffen sind. Als 

Lösung für dieses Problem wurden lokale Mechanismen für den mitochondrialen Umsatz 

vorgeschlagen, wobei das Zusammenspiel zwischen solchen lokalen und globalen Kräften in 

vivo weitgehend unbekannt ist. Insbesondere bleibt unklar, ob lokale, kompartimentspezifische 

Mechanismen der Mitostase die synapsenspezifische Anfälligkeit für Krankheiten bestimmen. 

Das Ziel dieser Arbeit ist es, diese Fragen mithilfe eines neuartigen optischen „Pulse-Chase“-

Assays zu untersuchen. Basierend auf transgenen Mäusen, die photoschaltbare Proteine in 

neuronalen Mitochondrien exprimieren, ermöglichte dieser Assay die Verfolgung von 

Mitochondrien auf der Ebene einzelner Organellen über einen längeren Zeitraum. Aufgrund ihrer 

Relevanz bei Motoneuronerkrankungen sowie ihrer guten experimentellen Zugänglichkeit wurde 

die reife neuromuskuläre Verbindung als Modellsynapse verwendet. Dieser Ansatz ermöglichte 

es, mehrere Aspekte des „Lebenszyklus“ synaptischer Mitochondrien in situ zu skizzieren: (1) 

Einerseits werden „neue“ Mitochondrien über schnellen anterograden Transport vom Soma 

gezielt zu synaptischen Standorten geleitet, um ihren Inhalt mit den ansässigen synaptischen 

Mitochondrien durch Fusionen zu teilen, was ein für stationäre axonale Mitochondrien 

untypisches Verhalten darstellt. (2) Zum Anderen findet der Großteil (75 %) des mitochondrialen 

Abbaus direkt an der Synapse statt, wo ein sich wiederholendes Abbausystem perinodaler 

„Kontrollpunkte“ entdeckt wurde, das ein mitochondriales Massengleichgewicht herstellt. Dieses 

System fängt dysfunktionale Mitochondrien aus dem retrograden Strom sich bewegender 
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Mitochondrien ein und leitet sie zu lokalen „Hotspots“ des lysosomalen Abbaus um. Das widerlegt 

die übliche Lehrbuchansicht, welche besagt, dass retrograder Transport für den Großteil des 

mitochondrialen Umsatzes in Axonen verantwortlich ist. In Mausmodellen für 

Motoneuronerkrankungen wurde dieser Mechanismus in besonderem Ausmaß verstärkt 

vorgefunden. Interessanterweise wurde dieser distale Kontrollmechanismus über Optineurin 

vermittelt, einen Mitophagie-Adapter der im Zusammenhang mit Motoneuronerkrankungen steht, 

jedoch wurde der Mechanismus nicht über PINK1 und Parkin vermittelt, welche Mitophagie-

Mediatoren sind, die an der Parkinson-Krankheit beteiligt sind. Dies führt zu der 

Schlussfolgerung, dass die Mitostase in situ ein stark kompartimentierter Prozess ist, mit 

möglichen Auswirkungen auf die zelltyp- und kompartimentspezifische Anfälligkeit bei 

neurodegenerativen Erkrankungen. Zusammenfassend lässt sich sagen, dass die optische 

„Pulse-Chase“-Bildgebung wichtige Einblicke in die Entstehung der Mitostase innerhalb von 

Neuronen ermöglicht und sich hoffentlich als nützliches Werkzeug zur weiteren Untersuchung 

der Mitostase in zukünftigen Arbeiten erweisen wird. 
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1. Introduction 

“ […] I believe the brain to be the most potent organ in the body. So long as it is 

healthy, it is the interpreter of […] consciousness […] and comprehension. […] 

This is my reason for asserting that the diseases which attack the brain are the 

most acute, most serious and most fatal […].”  

The Sacred Disease, Hippocrates (ca. 400 BC) 

 

Disorders of the nervous system belong to the leading causes of death and disability in the 

early 21st century, placing a substantial burden on society (Chin & Vora, 2014; GBD Neurology 

Collaborators, 2019; World Health Organization, 2020). A healthy nervous system allows one to 

assimilate information about the environment (perception) and to integrate those perceptions with 

internal states and memory (intelligence) for responding accordingly (action; Kandel et al., 2021); 

however, a diseased nervous system severely limits those fundamental aspects of human life. 

Neurodegenerative diseases such as Alzheimer’s (AD), Parkinson’s (PD), or Amyotrophic lateral 

sclerosis (ALS) are characterized by a slowly progressive decay of nerve cells (neurons) over 

time (Salvadores et al., 2017). Most neurons are terminally differentiated (non-dividing) cells of 

beautiful complexity, which makes them lack substantial regenerative capacities, resulting in 

neuronal cell death being mostly irreversible (Li & Chen, 2016; Mahar & Cavalli, 2018). In most 

neurodegenerative diseases, a specific neuronal subpopulation is affected first and foremost 

before the degeneration spreads to other regions of the nervous system (Chen & Herrup, 2008; 

Fu et al., 2018; Saxena & Caroni, 2011). Degeneration of specific neuronal subpopulations 

reflects the characteristic driving symptoms of a disease: for example, motor neuron diseases 

such as Amyotrophic lateral sclerosis (ALS) are primarily characterized by progressive paralysis 

(Boillee et al., 2006; Bruijn et al., 2004), whereas basal forebrain cholinergic neuron loss 

experienced in Alzheimer’s results in complex psychiatric symptoms such as memory loss 

(Schliebs & Arendt, 2011). The cause of this ‘selective vulnerability’ remains puzzling (Saxena & 

Caroni, 2011), especially considering how many affected molecular pathways are shared among 

common neurodegenerative diseases (Gan et al., 2018; Henstridge et al., 2016; Wilson et al., 

2023). The term ‘selective vulnerability’ could also used to appreciate another peculiarity: the 

distal regions of neurons, especially those carrying synapses, are the most vulnerable 

compartments (Fu et al., 2018) and degenerate early on before cells die as a whole (Adalbert & 

Coleman, 2013; Salvadores et al., 2017). For example, Alzheimer’s and Parkinson’s disease are 

typically considered synaptopathies (Imbriani et al., 2018; Kneynsberg et al., 2017; Meftah & 

Gan, 2023; Wong et al., 2019; Zott et al., 2018). Similarly, motor neurons degenerate in a ‘dying-
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back’ pattern, where the pathology initiates distally then slowly spreads retrogradely towards the 

soma (Alhindi et al., 2021; Cappello & Francolini, 2017; Chung et al., 2017; Dadon-Nachum et 

al., 2011; Fischer et al., 2004; Fischer & Glass, 2007; Orr et al., 2020). Understanding specific 

mechanisms that maintain the neuronal periphery may be useful in explaining neurodegenerative 

pathogenesis, and cell-type specific differences in synaptic maintenance pathways might explain 

disease-specific cellular vulnerability (Dadon-Nachum et al., 2011; Fu et al., 2018; Wong et al., 

2019).  

Neurons have developed intricate mechanisms to maintain homeostasis in their neurites: 

intracellular transport, cytoskeletal stability and plasticity, protein and organelle turnover by 

autophagy and proteasomes, control over RNA localization and localized translation, and support 

by Glia cells are just a few examples (Cioni et al., 2018; Maday, 2016; Maday et al., 2014; Nave, 

2010; Wang et al., 2012). These maintenance mechanisms are key to neuronal health, the cost 

of their failure being evidenced in neurodegenerative disease (Figure 1.1; Gan et al., 2018; Mead 

et al., 2023; Wilson et al., 2023). In particular, mitochondria are small but important organelles 

that lie at the heart of axonal maintenance (Figure 1.1; Misgeld & Schwarz, 2017).  

 

Figure 1.1 | Disrupting the mechanisms that maintain axonal homeostasis is a key factor in neurodegenerative 

diseases. Modified from Gan et al. (2018); Mead et al. (2023); Wilson et al. (2023). 

Mitochondria play an exceptional role in maintaining brain function, as they provide energy in 

the form of ATP, buffer cytosolic Ca2+ ions, and metabolize neurotransmitters while fulfilling many 

other important tasks (Kann & Kovacs, 2007; Picard & McEwen, 2014). The brain is an “energy-

hungry” organ that consumes a disproportionate amount of energy: Humans allocate 20% of their 
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body’s oxygen consumption to the brain, even though it only makes up ~2% of body weight 

(Harris et al., 2012; Kety, 1957; Mink et al., 1981; Rolfe & Brown, 1997), underscoring the 

extraordinary importance of neuronal mitochondria for ATP supply (Attwell & Laughlin, 2001; 

Harris et al., 2012; Howarth et al., 2012). Disrupting mitostasis in any manner has detrimental 

effects on cellular health. Perhaps not surprisingly, mutations and deletions of mtDNA cause 

severe developmental syndromes that primarily affect high-energy organ systems such as the 

brain (Tuppen et al., 2010; Vafai & Mootha, 2012). Moreover, the vast majority of 

neurodegenerative diseases are associated with mitochondrial defects (De Vos et al., 2008; 

Hafezparast et al., 2003; Maday et al., 2014; Mariano et al., 2018; Nunnari & Suomalainen, 2012; 

Rugarli & Langer, 2012), and mitochondrial dysfunction has been identified as a major contributor 

to aging, which is also an important risk factor to develop a neurodegenerative disease (Balaban 

et al., 2005; Ghosh-Choudhary et al., 2021; Lopez-Otin et al., 2023). Interestingly, the largest 

component of ATP is not consumed by the neuronal cell body but by its distal, synapse-bearing 

arborizations (Harris et al., 2012), suggesting a hypothetical link between regional mitochondrial 

vulnerability and “dying-back” neurodegeneration. 

The functional, molecular, and morphological processes that govern ‘mitochondrial function’ 

versus ‘mitochondrial dysfunction’ have been studied extensively in various cultured cell systems 

that aimed at “boosting” mitochondrial function in therapeutic or anti-aging settings (Monzel et 

al., 2023). While important insights have been gained from reductionist cell cultures, transferring 

the knowledge to the in vivo situation is not trivial, as mitochondria are extremely malleable 

organelles that adapt to their environment in cell-type-specific manners (Misgeld & Schwarz, 

2017). Specifically, the abundant diversity that mitochondria display means that something that 

is considered a “function” in one cell type may very well manifest as a “dysfunction” in another 

cell type (Monzel et al., 2023). This argues that to fully understand (and potentially treat) 

mitochondrial pathology in neurodegenerative disease, it will be key to elucidate the fundamental 

mechanisms of mitochondrial maintenance in tissues with fully matured neurons. The diversity 

of mitochondrial function and morphology in different neuronal compartments suggests that 

neurons maintain mitochondria using compartment-specific mechanisms (Collins et al., 2002; 

Monzel et al., 2023; Pekkurnaz & Wang, 2022). 

1.1. Neuronal architecture 

1.1.1. Projection-type neurons 

 Over 100 years ago, Santiago Ramon y Cajal pioneered modern neuroscience by using 

innovative histological techniques to propose the neuron doctrine, identifying the individual 
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neuron as the basic structural and functional unit of the nervous system (Yuste, 2015). Neurons 

are an extreme case of cellular polarization, forming functionally distinct, elaborate 

subcompartments (Craig & Banker, 1994; Takano et al., 2015). Specifically, multiple thin 

processes (neurites) protrude from the cell body (soma or perikaryon) to connect to other cells 

via synapses (Kandel et al., 2021), which allows neurons to form specialized circuits to fulfill 

specific computations. Neurites are subdivided to allow information flow in a directional manner: 

multiple short dendrites receive synaptic input from other cells and send it towards the soma, 

whereas a single long process called axon transmits these signals from the soma to other cells 

(Takano et al., 2015). Interestingly, the cytoplasmic volume of most neurites largely surpasses 

the volume of the soma, which enables neurons to form thousands of synapses and establish a 

huge variety of potential circuit wiring patterns (Luo, 2021; Misgeld & Schwarz, 2017). The 

diversity of neuronal circuits results in an impressive variability of neuronal morphology in vivo 

(Luo, 2021; Miterko et al., 2018; Richards & Van Hooser, 2018).  

Projection-type neurons are some of the most “extreme” examples when comparing neuronal 

architectures, as these neurons develop axons that can span many meters in length (Misgeld & 

Schwarz, 2017). For example, reconstructions in the rat brain showed that dopaminergic neurons 

of the substantia nigra pars compacta (SNc) directly project a small-caliber, mostly unmyelinated 

axon from a tiny soma—~ 100 µm in diameter—across the brain only to branch profusely once it 

reaches the striatum (Matsuda et al., 2009). This massive distal axonal arborization reaches a 

total length of ~50 cm with hundreds of thousands of synapses (Bolam & Pissadaki, 2012; 

Matsuda et al., 2009), exceeding the number of synapses formed by other basal ganglia neurons 

by two orders of magnitude (Bolam & Pissadaki, 2012; Matsuda et al., 2009). Extrapolation of 

these findings to human SNc dopaminergic neurons estimates millions of synapses and many 

meters of total axon length (Bolam & Pissadaki, 2012). Other projection-type neurons, such as 

cholinergic neurons or neurons of the corticospinal tract, have very similar characteristics—

initially projecting a very long and unbranched axon up to many meters (termed proximal or ‘stem 

axon’) to innervate its targets via a highly branched distal arborization that bears the synapses 

(see next section on cholinergic neurons, also Figure 1.2). (Misgeld & Schwarz, 2017) 
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Figure 1.2 | Architecture of a mature mouse α-motor neuron (yellow, cytoplasm) with labeled mitochondria (blue). 

a soma, b axons, c neuromuscular junctions in the transgenic mouse line Thy1-YFP-16 (yellow, neuronal cytoplasm) × 

Thy1-mito-CFP (blue, mitochondria). This work has been re-printed from Misgeld and Schwarz (2017) with permission 

from Elsevier under Rightslink License-No. 5704741048469. 

Neurons face unique challenges in maintaining their morphology—how neuronal 

compartmentalization is established and maintained over a lifetime remains a fundamental 

question in neuronal cell biology (Craig & Banker, 1994; Guedes-Dias & Holzbaur, 2019). 

Maintaining large axonal arbors is more stressful than maintaining smaller arbors (Pacelli et al., 

2015), and projection-type neurons with large axonal arbors are known to be more vulnerable to 

neurodegeneration (Braak & Del Tredici, 2009). The extreme geometry of these neuron types 

has been suggested to contribute to their selective vulnerability in neurodegenerative diseases 

(Bolam & Pissadaki, 2012; Surmeier et al., 2017). Large axonal trees consume extraordinary 

amounts of energy and are more vulnerable to reduced oxygen and glucose levels (Bolam & 

Pissadaki, 2012; Fu et al., 2018; Hunn et al., 2015), which is primarily metabolized by 

mitochondrial oxidative phosphorylation (Kety, 1957; Sokoloff, 1960). To supply the demand for 

nutrition at these axons’ distal sites, neurons developed an intricate axonal transport machinery 

to shuttle components such as mitochondria between the soma and the periphery (MacAskill & 
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Kittler, 2010; Maday et al., 2014; Misgeld & Schwarz, 2017; Nicholls & Ferguson, 2013; Sheng, 

2014). In projection-type neurons, axonal health is thought to depend excessively on cellular 

trafficking, as defects of this machinery preferentially result in the degeneration of these neurons 

(Hunn et al., 2015). Looking at the dimensions of a projection-type neuron (Figure  1.2), it seems 

astounding how the small soma can assume and coordinate the entire turnover of an axonal tree 

that surpasses its dimensions by a multitude. As a matter of fact, some reports suggest that there 

might be a “limit” (i.e., axon length, branch complexity) at which an arbor becomes too 

metabolically demanding to receive an adequate supply, resulting in a switch of axon 

homeostasis toward local mechanisms (Hagemann et al., 2022). In a disease-related model 

(“stressor threshold” model), neurons that have intrinsic homeostasis “weaknesses” are those 

that experience selective (i.e., early) vulnerability to neurodegeneration when compared to 

“resistant” neurons (Saxena & Caroni, 2011). Axon branch size and complexity might be such a 

“weakness” (Misgeld & Schwarz, 2017). 

1.1.2. Neuromuscular synapses 

The neuromuscular junction or endplate (NMJ) is a synapse connecting cholinergic α-motor 

neurons with skeletal muscle cells, responsible for all voluntary muscle contraction. These 

junctions are supplied by thickly myelinated axons that conduct action potentials at high speed 

(Aα fiber type). α-Motor axons are part of the peripheral nervous system, with their myelination 

being provided by Schwann cells that cover the arbor from axon hillock to NMJs in a continuous 

manner, being only periodically interrupted by nodes of Ranvier for action potential propagation. 

A node of Ranvier is constructed in a stereotypical manner: the unmyelinated area, i.e. the proper 

‘node’ contains Na+ voltage-gated channels (Nav; Girault & Peles, 2002), while the myelinated 

regions that frame the ‘node’ are further subdivided into three regions (Poliak & Peles, 2003). (1) 

Two paranodes frame the ‘node’ and tightly attach each myelin lamella via paranodal ‘loops’ that 

contain anchoring proteins (e.g., caspr) to the axolemma, (2) two bilateral juxtaparanodes, which 

are located beneath the compact myelin next to the paranodes, and (3) the internode, which 

describes a long stretch of the axon that is covered by compact myelin between two nodes of 

Ranvier (Poliak & Peles, 2003). The segregation of these different domains depends on specific 

sorting and anchoring mechanisms via cell-adhesion molecules (CAMs) and specialized 

cytoskeletal elements, and may also involve molecular filters and barriers within the membrane 

(Eichel & Shen, 2022; Poliak & Peles, 2003). Both the first node (at the axon hillock) and the 

terminal nodes (at the NMJ) appear distinct from other nodes. Being myelinated on just one side, 

these regions contain only one paranodal specification and are, therefore, termed heminodes. 

While little is known about the terminal heminodes close to the junction, the proximal heminode 

has been well-characterized for its many unique features (Eichel & Shen, 2022). For example, 
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the axon hillock is thought to provide a diffusion barrier (Kobayashi et al., 1992; Nakada et al., 

2003; Winckler et al., 1999) and control axonal transport by “selecting” the organelles that are 

allowed to pass between soma and axon (Farias et al., 2015; Koppers & Farias, 2021). (Girault 

& Peles, 2002; Poliak & Peles, 2003; Sanes & Lichtman, 2001) 

The motor axons arise from the ventral horn of the spinal cord and travel through the body with 

little branching before diving into their target muscle. As a motor axon approaches a muscle cell 

(or muscle fiber), it divides into fine branches (Figure 1.2) that arrange themselves in so-called 

end-plate bands near the center of the muscle fibers. Right at its target muscle fiber, where the 

terminal branch loses its myelin sheath, forms a tripartite synaptic structure: (1) the presynaptic 

motor neuron connecting to the (2) postsynaptic muscle fiber, with the contact site being covered 

by (3) terminal non-myelinating Schwann cells. The connectivity pattern of motor neurons is 

characterized by high divergence: a single neuron connects to multiple muscle fibers that are 

excited all together, forming a so-called motor unit. Average motor unit size is muscle-specific: 

the smaller the motor units, the more precisely the muscle can be moved. During muscle action, 

neurons with small motor units are activated first, and only if the resulting force is insufficient for 

the task will neurons with larger units be recruited. This orderly recruitment pattern is also known 

as Henneman’s size principle (Henneman et al., 1965). In adult mammals and most other 

vertebrates, each muscle fiber typically receives input from exactly one motor axon terminal. 

Most likely, the reason for this is to ensure that each muscle fiber does not get multiple 

contradictory inputs that have the possibility to cancel each other out due to the refractory period 

on the muscle membrane (Meirovitch et al., 2023). With just one input per muscle fiber, 

neuromuscular junction transmission must be fail-proof (all-or-nothing-principle). This is an 

important difference to cortical neurons, where multiple synaptic sites are formed between two 

neurons and where failure of a subset of the synaptic sites does not automatically pose a problem 

(Harris et al., 2012). (Rubenstein & Rakic, 2013; Sanes & Lichtman, 1999; Wood & Slater, 2001) 

Motor neurons have, therefore, developed various safety mechanisms to ensure reliable 

neurotransmission (Wood & Slater, 2001). This is expressed as the so-called safety factor, which 

simply means that the postsynaptic membrane is depolarized by a much larger degree than is 

necessary for reaching the postsynaptic action potential threshold (Wood & Slater, 2001). This 

principle protects neurotransmission from failure even under prolonged muscle exercise, and is 

compromised in many motor diseases (Wood & Slater, 2001). Animals have developed different 

strategies to manifest a high safety factor. In most species, NMJs are gigantic structures when 

compared to most CNS synapses (300 µm² vs. 1 µm²; Kleele et al., 2014; Sanes & Lichtman, 

2001). This immense enlargement directly increases the quantal amount and thus the 

neurotransmitter amount that can be released per stimulus. Glutamatergic CNS synaptic 

boutons, on the other hand, are restricted to ~1 µm to accommodate short diffusion distances to 

astrocytes for rapid glutamate clearance (Attwell & Gibb, 2005). (Wood & Slater, 2001) 
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Figure 1.3 | Heterogeneity of neuromuscular junction morphology in different species. Left: mouse (Mus musculus), 

right: human junction. Green: presynaptic axon, red: postsynaptic membrane. The figure was adapted from Jones et al. 

(2017) under the Creative Commons license. 

Paradoxically, smaller animals can sometimes maintain the largest NMJs (Figure 1.3). Rather 

than sizing NMJs up, larger animals opt for enhancing transmission efficacy on the postsynapse: 

the postsynaptic plaque is highly folded to increase the density of acetylcholine receptors 

(AChR). Synapses are generally considered to be areas that undergo high metabolic stress 

(Milton & Sweeney, 2012; Verma et al., 2022), with NMJs, in addition, having to withstand 

constant mechanical stress. Considering that nutrient commutes take much longer in axons of 

large animals, maintaining NMJs might become progressively uneconomical in these species. It 

seems that the geometry compels motor neurons to strike a balance between maximizing 

function and minimizing maintenance efforts (Wood & Slater, 2001). As a general principle, the 

nervous system strives to minimize the amount of consumed energy in ratio to transmitted 

information (Harris et al., 2012). (Wood & Slater, 2001) 

The neuromuscular junction is a classic system that has served neuroscientists well for over a 

century to discover principles in synaptic physiology (Del Castillo & Katz, 1954; Tansey, 2006). 

Not only is it a well-established and characterized model system, but also highly accessible to in 

vivo imaging due to its placement and large size (Bianchi, 2018; Sanes & Lichtman, 2001). The 

conclusion that motor axon branches and their NMJs are highly vulnerable and disease-relevant 

structures that live “right on the edge” between fragility and stability (Bolam & Pissadaki, 2012) 

further underscores the high relevance of this model system for the study of axonal maintenance 

mechanisms.  
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1.2. Mitochondria 

The 19th century featured the advent of light 

microscopy, the first tool that enabled the discovery 

of subcellular structures. The term ‘mitochondria’ 

was first coined by the pathologist Carl Benda to 

describe some peculiar intracellular granules 

(Greek mitos) forming threads (Greek chondria) that 

he observed upon staining cells with crystal violet 

(Benda, 1898).  In earlier years, other microscopists 

had described similar structures: Richard Altmann 

observed ubiquitous subcellular structures he 

termed “bioblasts” (Altmann, 1890; Figure 1.4), 

which he noted for their similarity to bacteria, 

believing to have found metabolically and genetically autonomous entities that he considered the 

“elementary units of life”. (Cowdry, 1953; O'Rourke, 2010) 

Indeed, mitochondria are small but vital organelles that reside in all but a few eukaryotic cells 

(Gronowicz et al., 1984; Karnkowska et al., 2016). From an evolutionary perspective, they are 

ancient cousins to bacteria, most likely originating from a symbiosis of oxidative proteobacteria 

that were engulfed by a nucleated, glycolytic host cell (Martijn et al., 2018; Roger et al., 2017; 

Sagan, 1967). Like their ancestors, mitochondria also procreate by division from one another and 

carry multiple copies of their own circular DNA (‘mtDNA’; Protasoni & Zeviani, 2021). However, 

most mitochondrial genes were ultimately transferred to the host nucleus, and a complex import 

machinery co-evolved to supply mitochondria with nuclear-encoded proteins (Dolezal et al., 

2006; Neupert & Herrmann, 2007). Mitochondria became central to the life of a cell by serving 

as central hubs of metabolism and signaling (Shen et al., 2022). The most distinctive function of 

mitochondria is their unique ability to use oxygen in energy metabolism (aerobic respiration). 

Mitochondria contain electron transport chain (ETC) proteins on their inner membrane to 

generate a potential across the inner membrane and create a pH difference, which is used to 

drive oxidative phosphorylation: intermediates from the catabolism of carbohydrates are oxidized 

to form adenosine triphosphate (ATP), the main energy carrier in cells. (Hatefi, 1985) 

As much as mitochondria form a dependency on their host, the reverse also holds true: both 

entities regulate each other’s functions in a bidirectional relationship (see the following chapters 

for more details). Specifically, cells employ two strategies for shaping their mitochondrial 

population: (1) cells optimize each mitochondrion’s function to meet the cells’ specific needs at a 

given time and location, (2) cells constantly check mitochondrial quality to maintain an adequate 

 

Figure 1.4 | Early accounts of mitochondria. 

Altmann’s drawing from the 19th century showing 

“bioblasts” in a frog liver cell (adapted from 

Altmann, 1890). 
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number of healthy mitochondria, which is summed up by the term ‘mitostasis’ (mitochondrial 

homeostasis; Lopez-Domenech & Kittler, 2023; Misgeld & Schwarz, 2017). 

1) Mitochondrial dynamics. The ability to fine-tune mitochondrial function is crucial for cells 

facing diverse functional demands within tissues (Mannella et al., 2013). For example, 

mitochondrial proteomes vary immensely among different cell types and tissues (Fecher et 

al., 2019; Pagliarini et al., 2008). Mitochondrial function is intimately linked to its structure, 

and tweaking one automatically affects the other (Benard et al., 2007; Bulthuis et al., 2019; 

Quintana-Cabrera & Scorrano, 2023). Functional diversity is accordingly reflected in the 

structural diversity across different cell types and tissues (Neupert, 2012). Besides cell-type 

specific expression patterns of mitochondrial proteins, cells also tailor mitochondrial 

structure and function via mitochondrial dynamics. For example, based on fusion and 

fission, mitochondria can form complex architectures that serve different purposes. In 

addition, mitochondria are mobile, which allows cells to distribute and anchor different 

mitochondria at different sites of need. (Misgeld & Schwarz, 2017)   

2) Mitochondrial turnover. Mitochondria have a complex, semi-autonomous lifecycle. 

Mitochondria age over time due to accumulating damage: Reactive oxygen species, which 

are a toxic by-product of oxidative phosphorylation, are thought to damage multiple cellular 

components, but particularly mitochondria and their DNA (Balaban et al., 2005). 

Mitochondrial dysfunction is a major contributor to aging and, therefore, to age-associated 

diseases (Balaban et al., 2005; Brawek et al., 2010; Nicholls, 2004). Due to this, cells have 

developed extensive quality control mechanisms that ensure that damaged mitochondria 

can be discarded (degradation) and replaced by new, healthy ones (biogenesis; Ploumi et 

al., 2017; Popov, 2020).  

1.2.1. Ultrastructure and function   

Mitochondrial form and function are in a reciprocal relationship, and one cannot be fully 

understood without the other: Mitochondrial (dys)function alters the shape and organization of 

mitochondria, but the structure of a mitochondrion also affects its function (Benard et al., 2007; 

Bulthuis et al., 2019; Quintana-Cabrera & Scorrano, 2023). Mitochondrial shape is closely 

regulated at multiple scales: (1) internal structure (ultrastructure), (2) single organelle shape, and 

(3) at the mitochondrial network level (Glancy et al., 2020).    

The internal architecture of mitochondria is fashioned according to a common blueprint. 

Mitochondria are compartmentalized organelles, which spatially segregate enzymes and 

metabolites to control biochemical reactions (Iovine et al., 2021). Specifically, this is achieved by 

two membrane encasements, the outer and inner membrane, which differ in function and origin 

(Glancy, 2020). The outer membrane is a semi-permeable barrier to the cytosol and contains 
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various signaling molecules allowing mitochondria to communicate with their environment. The 

inner membrane is very tortuous and has multiple dynamic invaginations, termed cristae, which 

fill the mitochondrial internal space (the matrix) to a large extent (Palade, 1952; Sjostrand, 1953). 

Mitochondria actively build an electrical proton gradient across the inner membrane, thereby 

storing energy that can be converted into ATP molecules. This energy conversion is established 

by the protein complexes of the electron-transfer chain (ETC), which lie within the cristae 

membranes. The cristae are a primary site of reactive oxygen species (ROS) production, a by-

product of oxidative phosphorylation (Balaban et al., 2005). Single cristae can form functionally 

independent microcompartments with different membrane potentials (Wolf et al., 2019) and 

individualized synthesis of ETC proteins (Zorkau et al., 2021). The inner membrane potential is 

required for proper mitochondrial function—not only for energy production but also for 

mitochondrial protein import (Harbauer et al., 2014; Huang et al., 2002; Martin et al., 1991). 

(Glancy, 2020) 

The matrix contains the mitochondrial genetic system and protein synthesis apparatus. Only 

13 proteins (in humans) are encoded by mtDNA—the essential components of the respiratory 

complexes—thus retaining oxidative phosphorylation as the only process under direct 

mitochondrial control. Retaining these genes has either occurred to prevent ETC proteins from 

mislocalizing onto other organelles (Bjorkholm et al., 2017), or to enable the fine-tuning of these 

crucial complexes by feedback from local stress (Allen, 2015).The matrix also contains the 

enzymes of several essential metabolic pathways, such as lipid biosynthesis; furthermore, the 

matrix stores ions, such as Ca2+, Fe, or Zn2+, which are potent signaling agents and co-factors in 

chemical reactions (Garbincius & Elrod, 2022; Lill, 2009; Liu et al., 2021). Mitochondria buffer 

Ca2+ ions at contact sites with the endoplasmic reticulum (ER) and the plasma membrane 

(Rizzuto & Pozzan, 2006), which plays a large role in cell fate decisions (cell cycle, differentiation, 

death), as well as neurotransmission (Garbincius & Elrod, 2022). (Frey & Mannella, 2000; 

Mannella, 2006; Roger et al., 2017) 

With mitochondrial function being so closely related to their ultrastructure, it is perhaps not 

surprising to find variations in mitochondrial ultrastructure reflecting the functional diversity of 

mitochondria in different cell types (for examples, see Glancy et al., 2020; Munn, 1974; Neupert, 

2012). Cells such as liver cells, which have a greater demand for biosynthesis and signaling, 

prioritize a large matrix volume, while in muscle cells such as in the heart, the cristae are densely 

arranged, increasing their capacity for ATP production and ROS signaling (Glancy et al., 2020). 

In addition, the cristae themselves can take different shapes, regulated by MICOS and Opa1 

(Glancy et al., 2020), and vary from tubular structures to complex lamellar/sheet-like structures 

(Neupert, 2012). With different components of the ETC having different preferences on their 

location within the cristae folds, cristae shape (e.g., curvature) also influences the assembly and 

stability of respiratory chain complexes to streamline respiration efficiency (Cogliati et al., 2013; 
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Glancy et al., 2020). Cristae can form microcompartments that are either functionally isolated 

from each other or functionally connected (Wolf et al., 2019). All these adaptations in 

mitochondrial morphology help cells to fine-tune mitochondria into becoming “specialists” that fill 

the individual needs of a cell. (Glancy et al., 2020) 

The link between structure and function also allows the microscopist to spot pathological 

mitochondria with some confidence (Yoon, 2004). For example, loss in membrane potential, 

mitochondrial oxidative stress, and defects in respiration are strongly associated with aberrant 

mitochondrial shapes, such as spherically shaped mitochondria, as well as “blob-”, “vase-” or 

“donut-” shaped mitochondrial structures, potentially caused by stress-induced mitochondrial 

osmotic pressure or calcium stress (Ahmad et al., 2013; Glancy et al., 2020; Long et al., 2015; 

Nikic et al., 2011; Picard & McEwen, 2014). Fragmented mitochondria with disrupted 

ultrastructure are a common finding in pathological situations, such as cancer and in aging 

organisms (Duvezin-Caubet et al., 2006; Suomalainen, 1997; Thomsen et al., 2018; Toyama et 

al., 2016). In cell culture models of neurodegenerative diseases, mitochondria typically present 

as highly fragmented (Costa et al., 2010; Lutz et al., 2009; Nunnari & Suomalainen, 2012; 

Shirendeb et al., 2012; Song et al., 2011; Wang et al., 2009). (Glancy et al., 2020) 

How mitochondria are arranged inside cells plays a significant role. Depending on the tissue, 

cell type, and position within a cell, mitochondria can vary in their appearance: either small 

spheres and threads can populate the cytosol, or mitochondria can form highly interconnected 

and branched structures by merging into a vast reticulum with contiguous inner and outer 

membranes (Misgeld & Schwarz, 2017). Mitochondrial networks can take different sizes and 

shapes, with high diversity between cell types (Johnson et al., 1980). 

Why do mitochondria form networks? Geometrical features such as surface area and 

complexity have functional implications. For example, elongated mitochondria have higher 

bioenergetic efficiency than fragmented mitochondria (Liesa & Shirihai, 2013). Some neurons 

reflect nutrient levels by altering mitochondrial connectivity via changing the balance of fusion 

and fission, with the resulting shift in ATP production stimulating neuronal electrical activity 

(Dietrich et al., 2013). Furthermore, an expansive mitochondrial network can share and 

equilibrate membrane potential and matrix contents (ions, proteins, metabolites) more rapidly 

(Skulachev, 2001). In some cells, such as myocytes, those networks are necessary to provide 

fast, bioenergetic communication “routes” throughout the cell (Glancy et al., 2015). On the 

downside, networks are also more prone to spreading mitochondrial dysfunction, and 

pronounced damage to mitochondria usually leads to fragmentation and disconnecting of 

dysfunctional particles in small pieces for engulfment by degradative organelles (Glancy et al., 

2020). The fusion-fission machinery is directly involved in regulating mitochondrial network 
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morphology, regulating mtDNA stability, replication, and nucleoid distribution (Bonekamp & 

Larsson, 2018; Chen et al., 2010; Westermann, 2002), as well as mitochondrial degradation.  

1.3. Mitochondrial dynamics 

Mitochondria are highly dynamic organelles that can alter their shape within seconds to minutes 

(Picard et al., 2013). Morphological transitions directly impact mitochondrial function and are 

necessary to meet the unique demands of cells over time (Hoppins, 2014). For this purpose, 

multiple mitochondrial ‘reshaping mechanisms’ have evolved (Eisner et al., 2018). Two examples 

are fusion and fission (divisions; Hoppins, 2014), which Lewis and Lewis (1914) already 

described accurately as mitochondria being “seen to fuse together […] [they] may unite into a 

complicated network, which in turn may again break down into threads”. In addition, intracellular 

transport and anchoring (Hoppins, 2014) are important for organizing mitochondria across larger 

distances and distributing them to sites of need in a cell. The repertoire of reshaping mechanisms 

also includes cristae dynamics, intermitochondrial nanotunneling and junctions (Eisner et al., 

2018).  

The mitochondrial reshaping processes are mediated by specific molecular forces, which will 

be described in more detail in the following subsections. In general, fusion and fission are 

mediated by molecules from the family of dynamin-related proteins (DRPs; Ford & Chappie, 

2019). Like dynamin, DRPs are GTPases that exert a mechanochemical force on membranes to 

channel membrane scission or tubulation (Praefcke & McMahon, 2004). Through GTP-

dependent conformational shifts and self-assembly, they can form a molecular collar that pinches 

and ultimately severs the membrane (Hoppins & Nunnari, 2009). In contrast, mitochondrial 

motility and anchoring are mediated by proteins that bind the cytoskeleton (Maday et al., 2014). 

Different regulatory pathways have evolved that integrate the different forms of mitochondrial 

dynamism with each other and with cellular signaling pathways, although the links are not yet 

entirely clear (Hoppins, 2014).  

1.3.1. Fission 

During fission, a mitochondrion constricts and is severed to generate smaller organelles 

(Quintana-Cabrera & Scorrano, 2023). On the molecular level, dynamin-related protein 1 (DRP1) 

is the mechanoenzyme that mediates scission (Smirnova et al., 2001). Initially, DRP1 is recruited 

from the cytosol by different effector proteins that mark fission sites, such as Mdv1, Fis1, MFF, 

MiD49, and 51 (James et al., 2003; Loson et al., 2013; Otera et al., 2010; Palmer et al., 2011; 

Zhao et al., 2011). There, DRP1 assembles into a large spiral-like structure wrapping around the 



 

 

– 14 –  A. N. Marahori | Introduction 

mitochondrion, stimulating GTPase activity (Hoppins, 2014; Hoppins & Nunnari, 2009). Upon 

GTP hydrolysis, the helix constricts due to a conformational shift and divides the organelle 

(Faelber et al., 2011; Ford et al., 2011; Frohlich et al., 2013; Kalia et al., 2018; Macdonald et al., 

2014; Mears et al., 2011). Fissions are key to many aspects of mitochondrial biology, including 

(1) mitochondrial biogenesis, (2) mitophagy, (3) mitochondrial motility, and (4) morphology, 

making fissions crucial for a healthy mitochondrial population. (Chan, 2020) 

Biogenesis. Fissions that occur around the midzone of a mitochondrion are related to 

mitochondrial biogenesis (Kleele et al., 2021). These fissions are influenced by the position of 

the mtDNA nucleoids and are crucial in equally distributing mtDNA amongst daughter 

mitochondria (Hoppins, 2014). The adaptor MFF plays a role in attracting DRP1 to midzone 

fission sites (Kleele et al., 2021). Prior to this, ER tubules also wrap around fission sites 

(Friedman et al., 2011), to pre-constrict the mitochondrion via actin polymerization mediated by 

INF2 and myosin II (Korobova et al., 2014; Korobova et al., 2013). 

Mitophagy. Fission also helps to segregate damaged mitochondria (Burman et al., 2017; Kleele 

et al., 2021; Twig et al., 2008). In this type of fission, a small mitochondrial particle containing 

damaged components is ejected (Kleele et al., 2021). In mammalian cells, the adaptor FIS1 

(James et al., 2003) recruits DRP1 to mediate asymmetrical fissions (Kleele et al., 2021). FIS1 

potentially also coordinates membrane contact with autophagosomes (Rojansky et al., 2016; 

Shen et al., 2014; Yamano et al., 2014), and the mitochondrial autophagy machinery can recruit 

the fission machinery (Mao et al., 2013). Evidence also indicates that autophagosomes 

preferably engulf mitochondria that are smaller in size, making prior fission a prerequisite to 

mitophagy (Kleele et al., 2021; Parone et al., 2008).  

Motility and distribution. The transport of short mitochondria is easier than that of long 

mitochondria in neurites (Chan, 2020). Especially in neurons, a fission reaction may be required 

before mitochondria can be transported from the soma into the axon (Lewis et al., 2018; Misgeld 

& Schwarz, 2017).  

Network morphology. Lastly, fission regulates mitochondrial size. Mitochondrial fusion and 

fission are thought to be two symbiotic forces, with their overall balance determining 

mitochondrial network morphology. For example, MFF regulates mitochondrial size in axons  

(Lewis et al., 2018). 

1.3.2. Fusion 

During fusion, two mitochondria merge to become a larger organelle, allowing an exchange of 

material between the individual organelles (Chen et al., 2003; Hoppins, 2014). Complete fusions 

can be readily observed if two mitochondria are marked with different matrix-targeted 
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fluorophores due to the diffusion and intermixing of the two colors (Hoppins & Nunnari, 2009). 

On the molecular level, fusion relies on the dynamin-related proteins OPA1 and mitofusin (MFN1 

and MFN2; Chen et al., 2003; Ehses et al., 2009; Head et al., 2009; Song et al., 2007). In contrast 

to fission, relatively little is known about the molecular mechanisms underlying fusion (Gao & Hu, 

2021; Hoppins, 2014). In particular, it is not understood how the properties of a DRP are 

harnessed to fuse membranes instead of severing them (Hoppins, 2014). Importantly, these 

DRPs also directly mediate other processes that work in synergy with fusion: bioenergetics, 

mitophagy, organelle transport, and interorganelle contacts (Dorn, 2019; Quintana-Cabrera & 

Scorrano, 2023). The DRPs have different isoforms and posttranslational modifications that 

potentially allow for this functional variability, although the mechanisms are not well understood 

(Hoppins, 2014).   

Morphologically, fusion proceeds in discrete steps: (1) close apposition of the mitochondrial 

membranes, (2) tethering and merging of the outer mitochondrial membranes (OMMs), (3) 

merging of the inner mitochondrial membranes (IMMs), which ultimately leads to (4) merging of 

matrix space (Quintana-Cabrera & Scorrano, 2023). Distinct molecular mechanisms mediate 

these steps: 

1│ Apposition. Mitochondria need to get in close contact before a fusion can begin (Quintana-

Cabrera & Scorrano, 2023). In vitro assays use centrifugation to forcefully bring mitochondria 

together, while in vivo, this is most likely achieved by transport on the cytoskeleton (Hoppins & 

Nunnari, 2009). Moving mitochondria usually bump with their tip into another mitochondrion 

before a fusion occurs (Gatti et al., 2023; Liu et al., 2009). Moving mitochondria have a particular 

propensity for fusing: Liu et al. (2009) observed so-called ‘kiss-and-run’ fusions, where moving 

mitochondria quickly fused their outer membranes, then moved on. One of the many functions of 

mitofusins is being a molecular tether that links mitochondria to the transport machinery (the 

Miro/Milton complex; Misko et al., 2010). The reliance of fusion on motility is exploited when cells 

try to establish functionally distinct mitochondrial subpopulations. For example, lipid cells 

segregate mitochondria into subpopulations with distinct proteomes and metabolic capabilities 

by firmly anchoring mitochondria (to lipid droplets) to reduce their motility whilst keeping the 

fusion proteins intact (Benador et al., 2019). 

2│ Outer membrane (OMM) fusion. In mammals, this step is mediated by the DRPs mitofusin 

(MFN) 1 and 2 (Chen et al., 2003; Santel & Fuller, 2001). Mitofusins are embedded at OMM 

contact sites; for fusion to occur, their presence is required on both mitochondria (Chen et al., 

2005; Koshiba et al., 2004). There is still controversy around the proteins’ tertiary structure (Gao 

& Hu, 2021), and the exact mechanism of how mitofusins bind each other is not understood: 

most likely, self-assembly into larger oligomers and guanine nucleotide-dependent (dimerization 

and) tethering through trans interactions play a role (Cao et al., 2017; Koshiba et al., 2004; Qi et 
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al., 2016). In general, both mitofusins have highly homologous structures (Rojo et al., 2002) and 

make homo-oligomeric complexes as well as hetero-oligomeric complexes (MFN1–MFN2). 

Hetero-oligomeric complexes are more fusion-efficient, and indeed, both MFN1 and 2 are 

required for efficient fusion (Ishihara et al., 2004; Meeusen et al., 2004). Yet, the two mitofusins 

are not entirely redundant and have developed distinct roles for themselves (Chen et al., 2003). 

MFN2 has multiple functions outside of fusion, such as interacting with apoptosis proteins 

(Karbowski et al., 2006) and acting as a mitochondrial tether through its localization on the ER 

(de Brito & Scorrano, 2008). Another complementary function is the “switch” of Mfn2 from a fusion 

protein to a mitophagy receptor upon phosphorylation (Chen & Dorn, 2013).  

3│ Inner membrane (IMM) fusion. An optional inner membrane fusion follows outer membrane 

fusion (Liu et al., 2009). Optic atrophy 1 (OPA1) is a DRP that is responsible for inner membrane 

fusion (Cipolat et al., 2004; Mishra et al., 2014; Song et al., 2009). OPA1 tethers and deforms 

two opposing membranes through interaction with cardiolipin (Mishra et al., 2014) and therefore 

only needs to be present on one of the two mitochondria to drive fusion (Song et al., 2009). 

Besides that, OPA1 is essential for maintaining cristae shape and has a role in mitochondrial 

respiration (Cogliati et al., 2013). How these distinct functions are mediated is not understood, 

although a possible way might be the existence of different OPA1 forms: ‘long’ isoforms of OPA1 

(l-OPA1; Song et al., 2007) that localize to the inner membrane via a hydrophobic domain, as 

well as soluble ‘short’ isoforms (s-OPA1) that are generated by the proteases OMA1 and 

YME1L1 by cleavage from the long forms (Head et al., 2009). Both long and short forms are 

expressed at nearly equimolar amounts, and both are necessary for fusion (Ehses et al., 2009; 

Y. Ge et al., 2020; Head et al., 2009; Herlan et al., 2004; Herlan et al., 2003; Song et al., 2007). 

How exactly the long and short forms of OPA1 mediate inner membrane fusion remains 

controversial.  

4│Merging of matrix contents. Complete fusion allows mitochondria to share materials, such 

as mtDNA, lipids, proteins, metabolites, and ions (Chen et al., 2005; Ishihara et al., 2003; Nunnari 

et al., 1997; Quintana-Cabrera & Scorrano, 2023). Unlike the outer membrane, the cristae-

forming inner membrane is more diffusion-restricted, so inner membrane components do not mix 

efficiently after fusion (Busch et al., 2006; Quintana-Cabrera & Scorrano, 2023). Additionally, the 

mixing of mtDNA nucleoids, which are large and most likely linked to the cristae membranes, 

seems limited (Gilkerson et al., 2008; Nunnari et al., 1997).  

1.3.3. Motility and anchoring 

Cells actively move and anchor mitochondria to specific positions, a process that has been 

studied most extensively in axons. A sophisticated, ATP-driven molecular machinery mediates 

mitochondrial transport (Hirokawa, 1982, 1998) that uses kinesin and dynein motors for long-
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ranged transport on microtubule tracks (Schnapp et al., 1985; Vale, Reese, & Sheetz, 1985), and 

myosin motors for short-ranged transport on actin filaments (Chada & Hollenbeck, 2004; Morris 

& Hollenbeck, 1995; Sheng, 2014). In neurons, cargo can be transported in two directions: 

anterograde transport toward synaptic terminals and retrograde transport toward the soma (Allen 

et al., 1982; Brady et al., 1982; Hirokawa, 1998). In axons, this directionality of cargo is 

determined by the polarity of the microtubule network: kinesin motors move cargo in anterograde 

direction (Hurd & Saxton, 1996; Vale, Reese, & Sheetz, 1985; Vale, Schnapp, et al., 1985) 

towards the distally pointing microtubule plus ends (Baas et al., 2016; Vale, Schnapp, et al., 

1985), while dynein motors drive retrograde transport (Hirokawa et al., 2010; Pilling et al., 2006) 

toward the microtubule minus ends pointing towards the soma (Schroer et al., 1989). 

The transport of specific cargo is controlled by distinct molecular mechanisms and adaptors 

(Maday et al., 2014). In anterograde direction, mitochondrial transport is mostly mediated by 

three versions of the mammalian kinesin KIF5 (Hirokawa et al., 2010; Nakagawa et al., 1997; 

Nangaku et al., 1994; Tanaka et al., 1998), although in retrograde direction, all cargoes use 

cytoplasmic dynein 1 as the motor protein (Roberts et al., 2013). These motor proteins attach to 

mitochondria via the motor-adaptor complex Miro/Milton (TRAK1 and 2 in mammals; Brickley & 

Stephenson, 2011; Glater et al., 2006; Guo et al., 2005; Stowers et al., 2002). Mitochondrial 

speed is not constant, and most mitochondria move in a “saltatory” manner, frequently switching 

between movements (‘runs’) and stops (‘pauses’; Devireddy et al., 2015; Hollenbeck, 1996). 

Multiple molecular factors influence these mitochondrial motility patterns, a selection of which will 

be outlined below: 

Motor protein number and distribution: The speed of an organelle depends on the total number 

of attached motors (Encalada et al., 2011; Hendricks et al., 2010), the proportion of attached 

kinesin versus dynein molecules (Derr et al., 2012), as well as whether these molecules are 

allowed to form cooperative microdomains on the mitochondrial surface (Rai et al., 2016; Rai et 

al., 2013), and the processivity of the motor proteins (Maday et al., 2014). For example, dynein 

is typically enhanced by dynactin (King & Schroer, 2000; Schroer, 2004). 

Microtubule architecture: Motor protein processivity is also regulated by various microtubule-

binding proteins and microtubule posttranslational modifications (PTMs; Baas et al., 2016; Janke 

& Bulinski, 2011). The organization of the cytoskeleton and its dynamics also determine 

mitochondrial transport (Kapitein & Hoogenraad, 2015; Yogev et al., 2016). For example, 

mitochondria continually have to pause at obstacles such as the end of a microtubule bundle or 

microtubule intersections (Balint et al., 2013; Yogev et al., 2016). At axonal branch points, 

microtubule-decorating proteins can also “guide” mitochondrial distribution (Tymanskyj et al., 

2022; Tymanskyj & Ma, 2019; Tymanskyj et al., 2017; Tymanskyj et al., 2018). Damage to the 

cytoskeleton also reduces axonal transport (Baas & Ahmad, 2013; Brill et al., 2016). 
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Mitochondrial anchoring: The motor-adaptor protein Miro contains two regulatory EF-hand 

Ca2+-binding domains (Fransson et al., 2003), which stop mitochondria in synapses during Ca2+ 

elevation (Macaskill et al., 2009; Saotome et al., 2008). Moreover, syntaphilin, an axon-specific 

docking protein (Kang et al., 2008), anchors mitochondria onto synaptic microtubules via Miro 

and Ca2+ ions (Chen & Sheng, 2013). Additionally, Milton is sensitive to glucose levels, stopping 

mitochondria through O-GlcNAcylation modification by the OGT enzyme (Iyer & Hart, 2003; 

Pekkurnaz et al., 2014) and allowing mitochondria to accumulate in glucose-enriched areas in 

neurons (Pekkurnaz & Wang, 2022). Similarly, BDNF arrests mitochondria via Miro1 binding Ca2+ 

ions, facilitating neurotransmitter release (Su et al., 2014). Moreover, the actin cytoskeleton also 

plays a role: for example, the motor myosin 19 anchors mitochondria to actin via Miro (Lopez-

Domenech et al., 2018; Oeding et al., 2018; Quintero et al., 2009), and regulation of actin 

polymerization can also guide mitochondrial movement into microdomains such as filopodia and 

spines (Sung et al., 2008). Myosin 6 and syntaphilin were also found to anchor mitochondria on 

actin, triggered by synaptic activity through AMPK-mediated energy-sensing (Li et al., 2020). 

(Pekkurnaz & Wang, 2022) 

1.4. Mitochondrial turnover 

Mitochondria are subject to continual damage that accumulates throughout their life. 

Mitochondria produce reactive oxygen species (ROS) as by-products of oxidative 

phosphorylation, which can damage various subcellular components, particularly the 

mitochondria themselves (Balaban et al., 2005; Brawek et al., 2010; Nicholls, 2004). Resulting 

are mutations in mitochondrial DNA, loss of mitochondrial membrane potential with a drop in ATP 

production, damage in the protein import machinery, and hazardous levels of ROS production 

(Balaban et al., 2005; Brawek et al., 2010; Nicholls, 2004; Zhu et al., 2013). Multiple endogenic 

and exogenic factors—inherited genetics, environmental toxins, and metabolic activity—

significantly speed up mitochondrial aging, making dysfunctional mitochondria a major 

contributor to cellular aging and age-associated diseases. In fact, all currently known cellular 

aging processes are linked to mitochondria (Lopez-Otin et al., 2023).  

Cells have extensive quality control mechanisms that ensure that damaged mitochondrial 

components can be discarded (degradation) and replaced by new, healthy ones (biogenesis; 

Ploumi et al., 2017; Popov, 2020). The balance of these two processes controls the overall 

number of mitochondria and their quality inside the cell (Ploumi et al., 2017; Popov, 2020). The 

mitochondrial lifecycle is semi-autonomous, as their DNA can replicate independently of the cell 

cycle, which is advantageous for postmitotic cells like neurons (Popov, 2020; Tuppen et al., 

2010).  
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1.4.1. Mitochondrial birth  

Mitochondria are not made “de novo”, rather they are—in honor of their bacterial ancestry—

reproduced by growth and division from preexisting organelles (Popov, 2020; Ryan & 

Hoogenraad, 2007). Mitochondrial growth involves replication of mtDNA, loading of 

phospholipids, as well as protein synthesis—the latter requiring the coordination of two genomes 

(nuclear and mitochondrial genomes; Hock & Kralli, 2009; Lopez-Lluch et al., 2008; McKenzie et 

al., 2009; Ventura-Clapier et al., 2008). The nuclear-encoded proteins are synthesized on 

cytosolic ribosomes and depend on specific targeting signals to reach the mitochondrial surface, 

from where they are placed into the correct mitochondrial subcompartments by a complex 

molecular import machinery (Baker et al., 2007; Harbauer et al., 2014; Pfanner et al., 2019).  

Mitochondrial replication, called biogenesis, is difficult to spot directly: because biogenesis is 

continually countered by degradation, readouts that measure growth in mitochondrial content are 

difficult to interpret (Miller & Hamilton, 2012). In practice, biogenesis is therefore often studied by 

measuring the mitochondrial protein synthesis rate (Miller & Hamilton, 2012). Alternatively, 

assessing the import of biomolecules such as proteins and lipids, which is a central step in 

controlling biogenesis, might be meaningful (Harbauer et al., 2014). Expression levels of 

regulatory factors that govern biogenesis and mitochondrial DNA replication might be more 

ambiguous (Medeiros, 2008; Miller & Hamilton, 2012). Overall, these assays usually require a 

careful combination of different approaches for the correct interpretation (Medeiros, 2008), 

making mitochondrial biogenesis an elusive process that is difficult to study in any system, but 

especially in such a complex cell as the neuron (Lopez-Lluch et al., 2008). 

Like in most cells, the co-transcriptional regulation factor PGC-1α is a master regulator of 

mitochondrial biogenesis in neurons (Cardanho-Ramos & Morais, 2021; Hees & Harbauer, 2022; 

Lopez-Lluch et al., 2008; Wareski et al., 2009). PGC-1α regulates mitochondrial density in 

dendrites, thereby affecting synaptic function and maintenance (Cheng et al., 2012). It stimulates 

the expression of many nuclear-encoded mitochondrial proteins, such as TFAM, which is 

essential for the transcription and replication of mtDNA (Jornayvaz & Shulman, 2010). PGC-1α 

acts upon many physiological and pathological stimuli that indicate an increased demand for 

mitochondria via molecular signals like AMP/ATP or NAD+/NADH ratios, Ca2+ ion levels, or 

neurotrophins (Cardanho-Ramos & Morais, 2021; Hock & Kralli, 2009; Lopez-Lluch et al., 2008; 

Ryan & Hoogenraad, 2007). Remarkably, PGC-1α null mice have a major neurodegenerative 

phenotype with striatal lesions (Lin et al., 2004), indicating that biogenesis is an important aspect 

of maintaining mitochondrial health in neurons. Similarly, pathways driving mitochondrial 

biogenesis are downregulated during aging (Lopez-Lluch et al., 2008; Yuan et al., 2016) and in 

many neurodegenerative diseases such as ALS, Parkinson’s disease, Huntington’s disease and 
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Alzheimer’s disease (Golpich et al., 2017; Hees & Harbauer, 2022; Uittenbogaard & Chiaramello, 

2014). 

1.4.2.  Mitochondrial degradation  

Over time, damage accumulates in mitochondria due to aging and stress, thereby affecting 

mitochondrial function (Ploumi et al., 2017). Cells have developed a variety of mechanisms to 

repair the affected organelles (Ploumi et al., 2017). The majority of mitochondria are degraded 

via macroautophagy, although damaged matrix components may also be budded off in vesicles 

(‘MDVs’; Soubannier et al., 2012) or even directly degraded in the inner membrane using the 

AAA protease system and the cytosolic ubiquitin-proteasome system (UPS) as first lines of 

defense (Ashrafi & Schwarz, 2013; Stavoe & Holzbaur, 2019). 

Autophagy means ‘self-eating’ and describes a eukaryotic system for the degradation of various 

cellular components, including mitochondria, through incorporation into lysosomes or vacuoles 

(Ashford & Porter, 1962; De Duve & Wattiaux, 1966; Ohsumi, 1999). In adult animals, autophagy 

seems to serve two purposes on the cellular level: (1) non-selective degradation of cytosolic 

content during starvation for nutrient supply (via the TORC1-pathway), and (2) recycling of 

damaged proteins and organelles via ‘selective autophagy’, which mediates organelle quality 

control in cells (Evans & Holzbaur, 2019a; Julg et al., 2021; Stavoe & Holzbaur, 2019). The latter 

function is particularly important for neuronal health (Deng et al., 2017). 

(Macro)autophagy is a coordinated, multi-step process that involves an isolation membrane 

(also called a phagophore) forming around the target to create a double-membrane vesicle, the 

autophagosome, which subsequently fuses with a lysosome or endosome for hydrolytic 

degradation (Julg et al., 2021; Ohsumi, 2014). The autophagosomal membrane formation is 

guided by an orderly recruitment of different ATG (autophagy-related) proteins (Ohsumi, 2014; 

Tanida, 2011). Atg8 (LC3 and GABARAP in mammals) is key for elongating the phagophore and 

can be used as an autophagosome marker as it eventually stays concentrated on the 

autophagosome (Julg et al., 2021). Selective autophagy exists for different organelles: mitophagy 

for mitochondria, pexophagy for peroxisomes, ER-phagy for the ER, etc. (Stavoe & Holzbaur, 

2019). Mitophagy is thought to be the last line of defense that is primarily activated when 

mitochondria suffer irreversible damage (Narendra et al., 2010). On the molecular level, 

mitophagy is characterized by certain distinct elements: typically, proteins such as PINK1 and 

parkin can recognize damage on a mitochondrion and mark it with ubiquitin chains, which can be 

recognized by different ‘autophagy adaptors’ or ‘receptors’ that bind LC3 to link the mitochondrion 

to an autophagosomal membrane for engulfment (Evans & Holzbaur, 2019b; Julg et al., 2021). 

Importantly, the currently known mitophagy receptors are somewhat redundant: optineurin, 

SQSTM1, NDP52, TAX1BP1, and NBR1 (Evans & Holzbaur, 2019b). For example, a study 
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investigating these five mitophagy receptors in cell cultures found that only a knockout of all five 

genes (“Penta-KO”) resulted in visible mitophagy defects (Lazarou et al., 2015). Specific ubiquitin 

chains might recruit different mitophagy receptors; for example, optineurin has two ubiquitin-

binding domains with a preference for K63-linked and M1 (also called linear) ubiquitin chains 

(Ryan & Tumbarello, 2018). 

Optineurin is, in fact, a multifunctional protein, as it uses its ubiquitin-binding domain to 

selectively bind damaged mitochondria, protein aggregates, and intracellular pathogens (Heo et 

al., 2015; Lazarou et al., 2015; Wild et al., 2011; Wong & Holzbaur, 2014), but also creates a 

scaffolding platform during antiviral responses (Pourcelot et al., 2016) and protects neurons from 

necroptosis or apoptosis in an ALS-related pathway (Ito et al., 2016; Nakazawa et al., 2016). 

TBK1 and other kinases regulate optineurin’s functions via phosphorylation (Pilli et al., 2012; 

Richter et al., 2016). At a later stage during autophagy, optineurin binds to the actin-based motor 

protein myosin VI, which guides autophagosome maturation and fusion to lysosomes 

(Markovinovic et al., 2018; Tumbarello et al., 2012). 

The PINK1/parkin pathway was one of the first pathways to be described in mitophagy. PINK1 

is a kinase that recruits parkin, a ubiquitin-protein(E3)-ligase (Shimura et al., 2000), after 

accumulating on a depolarized mitochondrial membrane, for example, when CCCP is 

administered (Lazarou et al., 2012; Narendra et al., 2008; Narendra et al., 2010; Pickrell & Youle, 

2015). PINK1 and parkin actually interlink mitophagy with many other mitostasis mechanisms: 

for example, PINK1 phosphorylates mitofusin 2, which allows this fusion protein to switch its 

usual function into recruiting and acting as a mitochondrial receptor for parkin (Chen & Dorn, 

2013). Moreover, parkin mediates the elimination of the transcription factor parkin-interacting 

substrate (PARIS), which inhibits biogenesis via the PGC1α pathway (Shin et al., 2011; Stevens 

et al., 2015). Finally, parkin can ubiquitinate outer mitochondrial proteins such as Miro, targeting 

them for the ubiquitin-proteasome system and preventing mitochondrial transport (Chan et al., 

2011). 

1.5. Neuronal mitostasis 

Understanding the mechanisms that govern neuronal mitostasis is crucial, as disrupting 

mitostasis has detrimental effects on neuronal health. Neurons face unique challenges when 

trying to maintain their mitochondria: 

(1) Neuronal architecture: Neurons are highly compartmentalized cells, and synapses, axon, 

dendrites, and soma have different metabolic demands, resulting in very diverse 

mitochondrial populations (Collins et al., 2002; Craig & Banker, 1994; Monzel et al., 2023; 

Pekkurnaz & Wang, 2022; Turner et al., 2022; Wong-Riley, 1989). Yet, our knowledge 
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about how neuronal geometry shapes mitostasis remains incomplete (Misgeld & 

Schwarz, 2017; Stavoe & Holzbaur, 2019). How is mitochondrial heterogeneity 

established to fit local demands? How is mitostasis coordinated on a global scale to 

balance the needs of areas that are far away from one another, like the soma and axonal 

endings? And how can all those mechanisms stay applicable to the wider variety of 

neuronal shapes stemming not only from their genetic programming but also experience-

based neuronal plasticity (Misgeld & Schwarz, 2017)? (Lopez-Domenech & Kittler, 2023) 

(2) Mitochondrial stress: The brain oxidizes glucose at a higher rate than most other organs 

(Harris et al., 2012; Kety, 1957; Mink et al., 1981; Rolfe & Brown, 1997). High rates of 

oxidative phosphorylation are thought to result in higher production of reactive oxygen 

species (ROS) and thus faster mitochondrial aging (Balaban et al., 2005). How do 

neurons upscale mitochondrial turnover to deal with this challenge? How are “old” 

mitochondria adequately replaced with “new” ones in a compartment-specific manner?  

(3) Glia coupling: Glia serve to support neuronal function and form a functional unity with 

neurons. Defects in glial homeostasis also play a role in the development of 

neurodegenerative diseases (Ito et al., 2016; Strohm & Behrends, 2020). What influence 

do these cells wield on neuronal organelles and vice versa, and to which extent do they 

share components (Burdett & Freeman, 2014; Davis et al., 2014; Gainer et al., 1977; 

Gatzinsky et al., 1997; Licht-Mayer et al., 2022; Phinney et al., 2015)?  

(4) Greater context: Neurons, even when comparing those of the same neuronal subtypes, 

have specific functional outputs and play unique “roles” within a nervous circuit. How 

organelle regulation relates to the broader context of higher-brain functions is not trivial, 

and this question has recently gained more attention (Dietrich et al., 2013; Rosenberg et 

al., 2023). 

1.5.1. Mitochondrial specialization in neurons 

Neurons are primarily fueled by ATP, which they gain from oxidative phosphorylation within 

mitochondria (Kety, 1957; Sokoloff, 1960). Most of that energy (75%) is used on electrochemical 

signaling—establishing membrane potentials and neurotransmission (Harris et al., 2012). 

Neuronal energy expenditure correlates well with mitochondrial content: neurons that fire more 

or that have more synapses also have more mitochondria (Dorkenwald et al., 2017; Kageyama 

& Wong-Riley, 1985; Kageyama & Wong-Riley, 1982; Santuy et al., 2018; Wong-Riley & Carroll, 

1984; Wong-Riley & Welt, 1980). In most cells, mitochondria do not fulfill their function uniformly 

throughout the cell, establishing instead unique subpopulations depending on their subcellular 

localization. In neurons, perhaps the most compelling sign of mitochondrial heterogeneity is the 

unique morphology of these organelles within different neuronal subcompartments (Collins et al., 
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2002; Monzel et al., 2023; Pekkurnaz & Wang, 2022): In axons, mitochondria form small beads 

and spheres, whereas the somatodendritic area has more interconnected networks of larger and 

tubular mitochondria (Faitg et al., 2021; Lewis et al., 2018; Pekkurnaz & Wang, 2022; Popov et 

al., 2005; Turner et al., 2022; Xiao et al., 2018). Dendritic mitochondria in cortical neurons are 

more densely packed than axonal mitochondria, matching the higher ATP consumption of 

dendrites (Harris et al., 2012; Santuy et al., 2018; Wong-Riley, 1989). Interestingly, mitochondrial 

size progressively decreases along the axon, whereas dendritic mitochondria become larger with 

further distance from the soma (Turner et al., 2022). The purpose and mechanisms of 

mitochondria taking different shapes and distributions in different neuronal compartments still 

remain a mystery. Elongated mitochondria are more efficient in oxidative phosphorylation 

(Gomes et al., 2011), which may be related to higher membrane potentials of dendritic 

mitochondria (Overly et al., 1996) and to postsynaptic currents requiring more ATP than 

presynaptic currents (Harris et al., 2012). Further research will need to elucidate the functional 

diversity between these subpopulations and the mechanisms that specify mitochondrial 

heterogeneity (Pekkurnaz & Wang, 2022).  

The functional specification of synaptic mitochondria has become a particular focal point of 

study (Devine & Kittler, 2018). In cortical neurons, more than half of ATP is produced for 

neurotransmission (Harris et al., 2012). ATP molecules must be locally synthesized at 

presynaptic sites to secure normal neurotransmission (Rangaraju et al., 2014). This includes the 

reversal of ion channel fluxes, endo/exocytosis of vesicles, as well as the synthesis and 

packaging of neurotransmitters into vesicles. In addition, ATP synthesis may also drive local 

macromolecule synthesis during synaptic plasticity (Rangaraju et al., 2019). The local presence 

of mitochondria increases synaptic efficacy and stability (Kwon et al., 2016; Lees et al., 2019; 

Smith et al., 2016; T. Sun et al., 2013), and mitochondrial enrichment occurs at synapses 

undergoing remodeling after injury (Briones et al., 2005). Axonal mitochondria are enriched at 

presynaptic boutons, where they are physically tethered to vesicle release sites (Rowland et al., 

2000). Only up to half of the presynaptic boutons in the brain contain mitochondria (Chavan et 

al., 2015; Shepherd & Harris, 1998). While it may seem puzzling that not all boutons contain 

mitochondria, this number is not unexpected given that glutamatergic synapses have a preferred 

firing probability of 50% for energy efficiency reasons (Harris et al., 2012). Dendritic mitochondria 

are long (up to 100 µm; Turner et al., 2022) and, therefore, not specifically “enriched” at 

postsynaptic sites, which may be related to the spatial-geometrical features of postsynaptic 

currents (postsynaptic currents are not ‘restricted’ to the synaptic sites but travel along the entire 

dendritic tree, and therefore may require different “mitochondrial coverage”). They do, however, 

seem to form microcompartments that locally support the dendritic spines in their vicinity 

(Rangaraju et al., 2019). Local protein synthesis may be a mechanism that allows synaptic 

mitochondria to develop specialized proteomes and regulate them during synaptic plasticity 
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(Dahlhaus et al., 2011; Piccoli et al., 2007; Rangaraju et al., 2017). Unfortunately, the unbiased 

approaches that tested proteomes, metabolomes, lipidomes and ETC activities of synaptic 

versus non-synaptic mitochondria are difficult to interpret (the “non-synaptic” population 

contained “everything else” in the brain, including different cell types; Battino et al., 1991; Davey 

et al., 1997; Kiebish et al., 2008; Stauch et al., 2014; Volgyi et al., 2015). A very recent proteomic 

approach compared synaptosomes from different neuronal cell types with each other, mostly 

hinting at mitochondrial diversification in terms of oxidative phosphorylation pathways (van 

Oostrum et al., 2023)  

The enrichment of mitochondrial at presynaptic sites might also serve additional purposes, as 

typically, more mitochondria are present in axons and presynaptic terminals than would be 

predicted alone by the ATP consumption of these regions (although some argued that ATP 

consumption was underestimated in the calculation; Harris et al., 2012; Rangaraju et al., 2014). 

So far, it has been suggested that presynaptic mitochondria are necessary to regulate Ca2+-levels 

in conjunction with the ER (Jung et al., 2020; Kwon et al., 2016), as these mitochondria have 

distinguishable Ca2+-handling properties when compared to their non-synaptic counterparts 

(Brown et al., 2006). Mitochondrial calcium buffering can indeed enhance short-term synaptic 

plasticity (Billups & Forsythe, 2002; Kang et al., 2008; Kwon et al., 2016; Lee et al., 2007; Tang 

& Zucker, 1997). However, those studies mostly used high-frequency action potential trains, and 

the blocking of mitochondrial calcium buffering did not directly affect synaptic vesicle release (T. 

Sun et al., 2013; Verstreken et al., 2005). A direct involvement of presynaptic mitochondria in 

neurotransmission metabolism is another intriguing possibility (Guo et al., 2017). Considering the 

omnipresence of mitochondria in various pathways of neurotransmitter synthesis, it will be an 

intriguing possibility to dissect this in settings of neurodegenerative disease in the future. To 

name but a few examples, mitochondria are involved in GABA metabolism (Besse et al., 2015; 

Cavalcanti-de-Albuquerque et al., 2022) and mitochondrial enzymes are also involved in 

glutamate synthesis (Waagepetersen et al., 2003) and catecholamine degradation (Graves et 

al., 2020); furthermore, mitochondria synthesize cofactors for serotonin, melatonin, 

(nor)epinephrine and nitric oxide synthesis (Vasquez-Vivar et al., 2022). 

1.5.2. Matching to local demands 

While the regulation of mitochondrial genes via PGC-1α can control mitochondrial content on 

a global level, it does not explain well if and how biogenesis adapts to local demand in the 

compartmentalized neuron (Hees & Harbauer, 2022). The canonic view presumes that 

mitochondrial biogenesis occurs in the cell body (Cardanho-Ramos & Morais, 2021; Hees & 

Harbauer, 2022), as 99% of the mitochondrial proteome is encoded by nuclear DNA (Rath et al., 

2021). The idea of the necessity of axonal transport was already coined early in the days of 



 

 

– 25 –  A. N. Marahori | Introduction 

neuroscience, dating back to observations made by Ramon y Cajal that axons need trophic 

support from their somata (Ramon y Cajal, 1928). Later studies suggested that the majority of 

mitochondria reach the neuronal periphery via long-range microtubule-based transport (Chang 

& Reynolds, 2006; Griffin & Watson, 1988; Hollenbeck, 1996). A fission reaction is thought to 

free “freshly” manufactured mitochondria from the somatic mitochondrial reticulum (Lewis et al., 

2018; Misgeld & Schwarz, 2017; Verstreken et al., 2005) before the mitochondria are distributed 

via anterograde transport into axons and dendrites (Cardanho-Ramos & Morais, 2021; Sheng, 

2014; Sheng & Cai, 2012; Zheng et al., 2019).  

In axons, most anterograde mitochondrial transport is thought to be targeted for high-energy 

consuming sites such as synapses (Chang & Reynolds, 2006; Hollenbeck, 1996). Local stimuli, 

such as Ca2+-levels, are thought to recruit mitochondria to areas of enrichment, such as synaptic 

sites (Chen & Sheng, 2013) and perhaps axonal branch points (Courchet et al., 2013). However, 

in neurons with long processes, mitochondria also need to navigate through a large volume of 

the axon with many branch points before they can stop at their distal destinations. How 

mitochondrial delivery is regulated on this global scale to guarantee sufficient supply is not 

known. Specifically, does the axon hillock already “know” how many mitochondria are going to 

be needed in the periphery, and if yes, how? Is anterograde mitochondrial transport in the stem 

axon “matched” to the demand of the downstream sites (“à la carte” delivery; Lopez-Domenech 

& Kittler, 2023)? Alternative models suggest other mechanisms: For example, dense-core 

vesicles (DCV) continually circulate back and forth in surplus through the axon, with each 

synaptic site only picking organelles from the stream as they are needed (“conveyor-belt” or 

“running-sushi” model; Wong et al., 2012), however, this has not been explored yet for 

mitochondria in mammalian neurons. Another interesting idea might be something akin to a “bulk” 

or “slow wave” transport, where mitochondria slowly shift and push forward to fill up the axon as 

needed—resulting in a mitochondrial age gradient from proximal to distal (Ferree et al., 2013). 

The latter model could be particularly interesting for dendrites, where most mitochondria are very 

long (Turner et al., 2022), as this might pose a challenge to fast long-range transport. 

The entire issue with most of these models is that axonal transport is not fast enough for short-

lived mitochondrial proteins to survive the long axonal journey (Cardanho-Ramos & Morais, 2021; 

Hees & Harbauer, 2022). In support of a distal biogenesis model, studies have actually shown 

mtDNA replication (Amiri & Hollenbeck, 2008; Van Laar et al., 2018) and translation in axons 

(Kuzniewska et al., 2020; Yousefi et al., 2021). Further, nuclear-encoded mitochondrial 

transcripts were discovered in axons (Aschrafi et al., 2016; Briese et al., 2016; Gumy et al., 2011; 

Shigeoka et al., 2016; Zivraj et al., 2010), where they are locally translated via axonal ribosomes 

(Cioni et al., 2019; Cosker et al., 2016; Yoon et al., 2012). Messenger ribonucleoprotein (mRNP) 

granules facilitate axonal transport of these nuclear-encoded transcripts—interestingly, this may 
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occur as co-transport on organelles like mitochondria, thereby allowing protein translation to be 

targeted more precisely (Cohen et al., 2022; Harbauer et al., 2022).  

Local translation could be an important mechanism for establishing intracellular mitochondrial 

diversity, although the cues that regulate local translation, especially in neurons, largely remain 

unknown (Hees & Harbauer, 2022). It has been shown that the local translation of mitochondrial 

proteins is important for axon development (Lee et al., 2022; Spillane et al., 2013), regeneration, 

and synaptic function (Kuzniewska et al., 2020). Concerning synaptic activity, an interesting 

hypothesis is that AMPK activity triggered by high ATP consumption stimulates mitochondrial 

biogenesis, either via a global activation of the PGC-1α pathway or via activation of local 

mitochondrial biogenesis (Hees & Harbauer, 2022). This mechanism could explain the correlation 

of neuronal energy expenditure with mitochondrial density, as acute changes in anterograde 

mitochondrial transport do not occur upon altered axonal activity consistently in vivo (Faits et al., 

2016; Sajic et al., 2013; Smit-Rigter et al., 2016; Zhang et al., 2010). In summary, while both 

possibilities are not mutually exclusive, the specific contribution of local translation to 

mitochondrial turnover and the nature of anterograde transport still remain incompletely 

understood and will need to be addressed experimentally in more detail. 

1.5.3. Quality control in neurons 

Similar to mitochondrial biogenesis, mitochondrial degradation is also thought to occur primarily 

in the neuronal soma: there are many reports of mature lysosomes being more densely arranged 

in the soma (Augenbraun et al., 1993; Cai et al., 2010; Cai et al., 2012; Cheng et al., 2018; Craig 

& Banker, 1994; Han et al., 2020; Lee et al., 2011; Lie et al., 2021; McWilliams et al., 2018; 

Parton & Dotti, 1993; Parton et al., 1992), potentially to reuse the degradation products directly 

as building blocks in the soma during biogenesis (e.g., released amino acids; Klionsky & Ohsumi, 

1999). It is therefore assumed that mitochondria must travel to the soma for degradation and that 

this is the chief raison d’etre for retrograde axonal transport (Cai et al., 2012; Chang & Reynolds, 

2006; Lin et al., 2017; Sheng, 2014; Sheng & Cai, 2012; Ye et al., 2015). Some studies indeed 

found that retrogradely moving mitochondria are depolarized (Lin et al., 2017; Miller & Sheetz, 

2004), although other studies did not find signs of mitochondrial damage in the retrograde 

population (Breckwoldt et al., 2014; Verburg & Hollenbeck, 2008).  

Other reports have shown that it is not actual mitochondria but autophagosomes that are being 

retrogradely transported towards the soma: Several studies have now observed a constitutive, 

‘bulk’ form of autophagy at the distal tips of axons (Kulkarni & Maday, 2018; Maday, 2016; Maday 

& Holzbaur, 2014, 2016; Maday et al., 2012; Neisch et al., 2017; Xie et al., 2015). In these reports, 

autophagosomes would continually form in the periphery before being retrogradely transported 

to the soma with their contents. On their retrograde journey, the autophagosomes matured, i.e., 
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fused with late endosomes and lysosomes. While some have suggested such a model to be 

possible for the selective removal of mitochondria via mitophagy (Han et al., 2020; Xie et al., 

2015), others insisted that mitophagy mainly occurred in the soma (Devireddy et al., 2015; Sung 

et al., 2016; Ye et al., 2015). The idea of mitophagy being restricted to the soma has also been 

challenged: For example, in one report, the authors showed that damaging mitochondria locally 

resulted in PINK1/parkin-mediated mitophagy in distal axons (Ashrafi et al., 2014). 

Given that autophagy-related processes form in a compartmentalized manner (Stavoe & 

Holzbaur, 2019), it seems conceivable that different autophagy mechanisms are used in different 

neuronal compartments, perhaps via distinct molecular pathways. However, since most of the 

studied systems were cell culture systems, it remains unknown what the in vivo roles of many of 

these pathways (Section 1.4.2) are in neurons. Understanding this seems particularly important 

since autophagy is key to neuronal health, as evidenced by the variety of defects in this area that 

are associated with neurodegenerative disease (Chu, 2019; Covill-Cooke et al., 2018; Deng et 

al., 2017; Deus et al., 2020; Doblado et al., 2021; Evans & Holzbaur, 2019a; P. Ge et al., 2020; 

Lipinski et al., 2010; Minakaki et al., 2020; Palikaras et al., 2018) and aging (Carnio et al., 2014; 

Lipinski et al., 2010; Terman et al., 2006; Terman et al., 2010). Disrupting generic autophagy 

leads to severe phenotypes from neuronal degeneration (Felbor et al., 2002; Friedman et al., 

2012; Hara et al., 2006; Komatsu et al., 2006; Yoshii et al., 2016). Some of the pathways that are 

thought to be involved in mitophagy are mutated in familial forms of Parkinson’s disease (PINK1, 

parkin; Kitada et al., 1998; Valente et al., 2004), and Amyotrophic lateral sclerosis (optineurin, 

SQSTM1; Evans & Holzbaur, 2019a). Dozens of optineurin mutations alone have been linked to 

ALS and its related frontotemporal dementia (FTS) disease (Markovinovic et al., 2017), with most 

of these mutations being loss-of-function. Given the importance of autophagy for neuronal health, 

it will be crucial to further explore the in vivo action of the different mitophagy pathways and their 

contributions to cell-type- or compartment-specific vulnerability in disease. 
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1.6. Aims of the thesis 

Mitochondrial turnover—the exchange of old mitochondria with new ones—is a function of 

mitochondrial biogenesis and degradation (Ploumi et al., 2017; Popov, 2020). Neurons are 

thought to perform both these processes mainly in the soma and are canonically considered to 

rely on anterograde and retrograde transport to take over the majority of mitochondrial “turnover” 

in axons (Chang & Reynolds, 2006; Griffin & Watson, 1988; Hollenbeck, 1996; Sheng, 2014; 

Sheng & Cai, 2012).  

 

Figure 1.5 | The lifecycle of synaptic mitochondria in health and disease. 

The fact that the importance of synaptic mitochondria for health and disease is often highlighted 

stands in contrast to how little is known about their actual behavior in vivo. This thesis aims to 

elucidate the individual steps of the mitochondrial “lifecycle” in mature synapses—first by 

comprehensively mapping out the physiological behavior of mitochondria, and then by interfering 

with these processes to investigate how mitochondrial disturbances relate to dying-back 

neurodegeneration. Specifically, the thesis aims to address the following questions to explore 

the intricate relationship between axonal transport and mitochondrial turnover (Figure 1.5):  

1│Mode of delivery of synaptic mitochondria: Is mitochondrial delivery matched to the demand 

of a neuron’s periphery, or are mitochondria selected on a “per need” basis (“à la carte” vs. 

“running sushi” models)? Are “new” mitochondria mainly supplied from the soma or by local 

biogenesis? 
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2│Site and regulators of synaptic mitochondrial dynamics: What are the turnover rates of 

synaptic mitochondria? How do mitochondria that reach a synaptic site anchor and blend into the 

present peripheral pool? At which sites do peripheral mitochondria undergo fusion and fission? 

3│Site and regulators of mitochondrial degradation: Are “old” mitochondria removed from the 

synapse mainly by retrograde transport, or are mitochondria locally degraded? Which quality 

control mechanisms do mitochondria undergo in synapses?  

In order to explore these and other questions in mature synapses of motor neurons, a novel 

optical pulse-chase imaging assay was developed based on transgenic mice that express 

photoswitchable proteins in neuronal mitochondria, which will be presented in the first section of 

the results chapter. 
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2. Materials and Methods 

The methods described in this section are partially adapted from a manuscript that is being 

prepared for a peer-reviewed publication: 

 

Working title: An optineurin-mediated retrograde transit filter controls mitostasis in 

distal axons.  

Authors: Natalia Athanasia Marahori, Barbara Gailer, Martina Schifferer, Tatjana Kleele, Anna 

Iatroudi, Petros Avramopoulos, Stefan Engelhardt, Melike Lakadamyali, Monika Brill, and 

Thomas Misgeld 

 

The work detailed here was performed by N. A. Marahori in the laboratory of T. Misgeld (TUM, 

Munich, Germany) unless specified otherwise. 

2.1. Experimental animal models 

Animal experiments were performed in accordance with national regulations and approved by 

the responsible federal agencies. The mice were kept in a maximum-barrier facility with quarterly 

Felasa monitoring (in accordance with EU Directive 2010/63 and §11 Abs. 1 Nr. 1 TSchG) and 

housed in individually ventilated cages (IVC, Techniplast, Euro-Standard III, 20 °C, group-housed 

at max. 5 adult mice) with dry food (ssniff), water ad libitum and enrichment. The cages were set 

to air conditioning with a humidity of 50 ± 15%, a temperature of 22 ± 2 °C, and a light-dark cycle 

of 12 hours with a twilight phase. Transgenic mouse lines were interbred with C57BL/6NCtr 

(Charles River) and C57BL/6J mice (https://www.jax.org/strain/000664) at regular intervals. For 

experiments, mice of both sexes (aged between 6 weeks and 24 months) were used, apart from 

the Pink1-KO and Pink1-Parkin-DKO datasets where indicated (postnatal days (P) 21–27), 

SOD1G93A (P 14–21), and Thy1-(GA)149-CFP (5–6 weeks). 

2.1.1. Transgenic reporter lines 

Neuronal mitochondria were visualized by using a set of transgenic mice that express various 

(x) fluorescent proteins (‘XFPs’, coupled to a mitochondrial targeting sequence) under the well-

established neuronal Thy1-promoter (termed ‘Thy1-mito-XFP’ mouse lines; ‘XFPs’ in this study 

https://www.jax.org/strain/000664
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were CFP, RFP, or Dendra2; Breckwoldt et al., 2014; Misgeld et al., 2007). In addition, the newly 

generated mouse lines Thy1-mito-Dendra and Thy1-mito-paGFP (see next section, cf. Magrane 

et al., 2014) were used to label subpopulations of mitochondria by photoswitching the fluorophore 

with a localized UV light pulse. Since paGFP is non-fluorescent in its native state (Patterson & 

Lippincott-Schwartz, 2002), Thy1-mito-paGFP were crossed to Thy1-mito-RFP mice (Breckwoldt 

et al., 2014) to visualize neuronal mitochondria in non-photoactivated areas. In vivo imaging of 

mitochondrial turnover was also performed in Thy1-mito-Kaede mice (Marinkovic et al., 2012). 

Transgenic mice with expression of a fluorescent protein in neuronal cytoplasm (Thy1-YFP-16, 

-OFP3, or -CFP5 mice; Feng et al., 2000; Kay et al., 2011) were bred to colocalize dyes and 

staining patterns to axons. To study autophagosome dynamics, LC3-GFP mice were obtained 

(Mizushima et al., 2004) and crossed to Thy1-mito-RFP or Thy1-OFP3 mice. Mice that express 

the enzyme Cre in cholinergic neurons ('ChAT-Cre' mice; Rossi et al., 2011)  were crossed to 

ROSA-mito-GFP mice (Agarwal et al., 2017) to visualize mitochondria in motor neurons during 

TMRE incubation experiments. Mice that express the enzyme Cre in Schwann cells (‘Plp-

CreERT’ mice (‘Plp-CreERT’ mice; Doerflinger et al., 2003) were crossed to ROSA-mito-Dendra 

mice (Pham et al., 2012) to visualize mitochondria in terminal Schwann cells. AAV injections 

were performed in either C57BL/6 mice (The Jackson Laboratory; Stock #000664) or the 

transgenic mouse lines expressing a fluorophore under the Thy1-promoter. 

2.1.2. Knock-out and disease models 

To elucidate the molecular mechanism of mitochondrial quality control in presynaptic terminals, 

the following knock-out (KO) mice and controls were used: Pink1ko/ko × Thy1-mito-Dendra vs. 

Pink1wt/wt × Thy1-mito-Dendra littermate controls (“Pink1-KO”; Glasl et al., 2012); Prknko/ko × Thy1-

mito-Dendra vs. Prknwt/wt × Thy1-mito-Dendra littermate controls (“Parkin-KO”; Itier et al., 2003); 

Pink1ko/ko × Prknko/ko × Thy1-mito-Dendra vs. Pink1ko/ko × Prknwt/wt × Thy1-mito-Dendra littermate 

controls (“Pink1-Parkin-DKO”);  ChAT-Cremut/wt × Optnflox/flox × Thy1-mito-Dendra vs. ChAT-Crewt/wt 

× Optnflox/flox × Thy1-mito-Dendra littermate controls (“Optn-cKO”; Munitic et al., 2013). Further, 

two animal models of Amyotrophic lateral sclerosis (ALS) were employed, with the following 

experimental and control groups: SOD1G93A +/- (mut) × Thy1-mito-Dendra vs. SOD1G93A -/- (wt) × 

Thy1-mito-Dendra littermate controls (Gurney et al., 1994), and Thy1-(GA)149-CFP +/- (mut) × 

Thy1-mito-Dendra vs. Thy1-(GA)149-CFP (wt) -/- × Thy1-mito-Dendra littermate controls (Schludi 

et al., 2017). The SOD1G93A +/-  breeder animals were monitored and scored weekly for the 

development of motor symptoms. 
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2.1.3. Generation of mouse lines 

The Thy1-promoter was used to drive the expression of mito-Dendra and mito-paGFP 

selectively in neurons, as previously described (Marinkovic et al., 2015a; Misgeld et al., 2007). 

In brief, to create mito-Dendra and mito-paGFP fusion genes, an N-terminal in-frame fusion 

between the coding sequence of the fluorescent protein (Dendra2 or paGFP; Gurskaya et al., 

2006; Patterson & Lippincott-Schwartz, 2002) and the mitochondrial targeting sequence from 

subunit VIII of the human cytochrome c oxidase gene (Clontech) was generated (Marinkovic et 

al., 2015b). After cloning the fusion gene into the Thy1 vector, a standard pronuclear injection 

was performed to produce several independent founder lines, which were screened for 

expression patterns, levels, and photoconversion (Gailer, 2022; Marinkovic et al., 2015c). Two 

bright and broadly expressing lines were retained and used for further experiments (Figure 3.2  

and 3.3, Table 3.1). Homozygotes of all lines bred normally and showed no neurological 

abnormalities.  

2.2. Molecular biology 

2.2.1. Genotyping 

Transgenic mice were genotyped by PCR of tail or earlobe biopsies performed by animal 

caretakers and technicians. Adult mice were marked by ear tags (Hauptner & Herberholz) or ear 

holes; juvenile litters were marked by tattoos on the paws (Ketchum) for re-identification. For all 

comparative datasets (mutants and their genetic wildtype controls), an additional tail sample was 

taken after death to verify the initial PCR result. The DNA was isolated from the tissue using the 

following protocol: 

 

  Final Concentration Source Program 

10× Gitocher Buffer 15 µL 1× see “Buffers and solutions” 55 °C: 5 h 

95 °C: 5 min 

4 °C: ∞ 
10% Triton™ X-100 7.5 µL 0.5% Sigma-Aldrich, T8787 

2-Mercaptoethanol 1.5 µL 1% Sigma-Aldrich, M6250 

Proteinase K (100 mg/mL) 0.75 µL 0.5 µg/µL Roth, 7528.5 

H2O 125.25 µL   

Total volume per tube 150 µL 

 

The following protocols were used for DNA amplification (Thermocycler, Eppendorf; for primers, 

see Table 2.1, p. 34): 
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“Kapa-HS”  Source Program 

GoTaq  10 µL Promega, M7421 95 °C: 2 min 

32 cycles:  

95 °C, 15 sec → 60 °C, 30 sec → 72 °C: 15 sec  

72 °C: 5 min 

4 °C: ∞ 

Primers (10 pmol / µL) à 1 µL Metabion 

DNA 1 µL  

H2O up to 20 µL  

 

“Atg-Flox”-Touchdown  Source Program 

GoTaq  10 µL Promega, M7421 
94 °C, 2 min 

10 cycles: 

94 °C, 15 sec → 65 °C, 30 sec (-0.5 °C per cycle 

decrease) → 72 °C, 120 sec 

20 cycles: 

94 °C: 15 sec → 65 °C: 30 sec → 72 °C: 120 sec 

72°C, 5 min 

4 °C: ∞ 

Primers (10 pmol / µL) à 1 µL Metabion 

DNA 1 µL  

H2O up to 20 µL  

 

“Chat-Cre” and “LC3-GFP”-Touchdown Source Program 

GoTaq  10 µL Promega, M7421 
94 °C: 2 min 

10 cycles: 

94 °C, 20 sec → 65 °C. 15 sec (-0.5 °C per cycle 

decrease) → 68 °C: 10 sec 

28 cycles: 

94 °C, 15 sec → 60 °C, 15 sec → 72 °C, 10 sec 

72 °C: 2 min 

4 °C: ∞ 

Primers (10 pmol/µL) à 1 µL Metabion 

DNA 1 µL  

H2O up to 20 µL  

 

The PCR reaction mix (20 µL) was loaded on a 2% agarose/TAE gel (250 mL) together with 10 

μL of a 1K ladder (New England Biolabs, N0468L, N3200L) in the first well. The gel was 

submerged in 1× TAE buffer (Carl Roth, CL86.1) in a gel chamber, and electrophoresis was 

performed (DNA Pocket Block-UV gel chamber, Biozym Diagnostik). DNA bands were recorded 

under 312 nm light (Genoplex system, VWR). 

2.2.2. Molecular cloning 

mKeima-Red-Mito-7 was a gift from Michael Davidson (Addgene plasmid # 56018), and pAAV-

hSyn-DIO-HA-hM3D(Gq)-IRES-mCitrine was a gift from Bryan Roth (Addgene plasmid # 50454). 

To generate the hSyn-mito-Keima construct for AAV9-production, mito-Keima was digested from 

the mKeima-Red-Mito-7 plasmid using NheI and NotI and ligated into a self-complementary AAV 

backbone plasmid. The human Synapsin promoter was amplified by PCR from the pAAV-hSyn-

DIO-HA-hM3D(Gq)-IRES-mCitrine plasmid and then cloned before the mKeima-Red-Mito-7 

using MluI and NheI. (P. Avramopoulos performed molecular cloning in the lab of S. Engelhardt, 

TUM; description adapted from the manuscript Marahori et al., in preparation) 
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Mouse line 
Amplicon 

size (bp) 
Primer name: oligonucleotide sequence (5’-3’) Source 

Thy1-mito-

paGFP 
181 

Mito-F: CGC CAA GAT CCA TTC GTT 

EYFP-R: GAA CTT CAG GGT CAG CTT GC 

Marahori et al. (manuscript 

in preparation) 

Thy1-mito-

CFP 
181 

Mito-F: CGC CAA GAT CCA TTC GTT 

EYFP-R: GAA CTT CAG GGT CAG CTT GC 

Misgeld et al. (2007); 

RRID:IMSR_JAX:007967 

Thy1-mito-

Dendra  
230 

Fw: CGC CAA GAT CCA TTC GTT 

Rev: TGG TCA GGA TGT CGT AGC TG 

Marahori et al. (manuscript 

in preparation) 

Thy1-mito-

RFP 
254 

Mito-F: CGC CAA GAT CCA TTC GTT 

RFP-R: TTC TGC TGC CGT ACA TGA AG 
Breckwoldt et al. (2014) 

ROSA-mito-

GFP 

mut = 300 

wt = 557 

RosamitoGFP-F: GCA CTT GCT CTC CCA AAG TC 

RosamitoGFP-wt-R: CAT AGT CTA ACT CGC GAC ACT G 

RosamitoGFP-mut-R: GTT ATG TAA CGC GGA ACT CC 

Agarwal et al. (2017) 

RRID:IMSR_JAX:021429 

ROSA-mito-

Dendra 

mut = 175 

wt = 604 

RosamitoD wt-F: CCA AAG TCG CTC TGA GTT GTT ATC 

RosamitoD wt-R:mGAG CGG GAG AAA TGG ATA TG 

RosamitoD mut-F: CCC CAA CGA ATG GAT CTT G 

RosamitoD mut-R: TTC GAG GGA CCT AAT AAC TTC 

Pham et al. (2012) 

RRID:IMSR_JAX:018385 

Thy1-YFP-16  378 
GFP-F: CAC ATG AAG CAG CAC GAC TT 

GFP-R: TGC TCA GGT AGT GGT TGT CG 

Feng et al. (2000); 

RRID:IMSR_JAX:003782 

Thy1-OFP  370  
OFP3-F: TGC AGT TCG AAG ATG GTG GGT TC 

OFP3-R: ATG TTG CCT TCG GTT TTC CTG AC 
Kay et al. (2011) 

Thy1-CFP 378 
GFP-F: CAC ATG AAG CAG CAC GAC TT 

GFP-R: TGC TCA GGT AGT GGT TGT CG 

Feng et al. (2000); 

RRID:IMSR_JAX:003710 

LC3-GFP 

tg = 625 

wt = 255 

 

LC3-GFP-1: GGT GTT TGT TCC GTA CAC ATC ACC 

LC3-GFP-2: GGC AAA GCG GCA AAC AACCAT CAC 

LC3-GFP-3: GAG TGA AGC AGA ACG TGGGGC TCA CCT CGA 

Mizushima et al. (2004); 

RRID:IMSR_RBRC00806 

ChAT-Cre 
mut = 148 

wt = 200  

ChatCre mut-F: CAA AAG CGC TCT GAA GTT CCT 

ChatCre-WT-F: GCA AAG AGA CCT CAT CTG TGG A 

ChatCre-C-R: CAG GGT TAG TAG GGG CTG AC 

Rossi et al. (2011); 

RRID:IMSR_JAX:006410 

SOD1G93A 236 
SOD-F: CAT CAG CCC TAA TCC ATC TGA 

SOD-R: CGC GAC TAA CAA TCA AAG TGA 

Gurney et al. (1994); 

RRID:IMSR_JAX:004435 

Thy1-(GA)149-

CFP 
378 

GFP-F: CAC ATG AAG CAG CAC GAC TT 

GFP-R: TGC TCA GGT AGT GGT TGT CG 
Schludi et al. (2017) 

Optn-flox 
mut = 450   

wt = 388 

Optn-F: CCA TGC TCA GCC AGA GTT TC 

Optn-R: GAT ATA AAT GGC TTC AGG GAT GC 

Munitic et al. (2013); 

RRID:IMSR_JAX:029708 

Pink1-KO  

 

ko = 583 

wt = 781 

Pink1-C-F: GAC AGT ACT TGC CTA GCG TAG 

Pink1-wt-R: CAG ACA CGC GCT TGG TTT TC 

Pink1-ko-R: GAG CAA TGC AGA AAG TCA GAG C 

Glasl et al. (2012)  

Parkin-KO  
mut = 400  

wt = 300  

Parkin-ko-F: CAG CAG CCT CTG TTC CAC ATA CAC T 

Parkin-wt-F: TGC TCT GGG GTT CGT CCC CT 

Parkin-R: TGC CTG TCA CAT GCA ATG CAT ACC T 

Itier et al. (2003) 

Plp-CreErt 440  PlpCreErt-F: AGG TGG ACC TGA TCA TGGAG 

PlpCreErt-R: ATA CCG GAG ATC ATG CAA GC 

Doerflinger et al. (2003) 

RRID:IMSR_JAX:005975 

Table 2.1 | Mouse lines and genotyping primers. 
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2.2.3. Generation of adeno-associated virus (AAV) particles 

For AAV9-hSyn-mito-Keima production, HEK293-T cells were grown in 10-tray Cell Factories 

(Thermo Fisher Scientific) using Dulbecco's modified essential medium (DMEM) containing 10% 

fetal bovine serum (Gibco) and 1% penicillin/streptomycin for 24 h before transfection. The 

transgene plasmid (420 µg of ‘pAAV-hSyn-mito-Keima’) and the helper plasmid (1.5 mg of 

pDP9rs, kindly provided by Roger Hajjar, Icahn School of Medicine at Mount Sinai, New York) 

were transfected into the HEK293-T cells using polyethylenimine (Polysciences). 72 h later, the 

cells were harvested, lysed, and benzonase-treated. The virus particles were purified by 

ultracentrifugation through an iodixanol density gradient (Optiprep, Progen). Iodixanol was 

replaced by Ringer lactate buffer (Braun) using Vivaspin 20 columns (Sartorius). The latter also 

aimed to concentrate the virus by decreasing the volume of the solution. Viral titers were 

determined by real-time PCR using SYBR Green Master Mix (Roche) to be in the range of 1 × 

1013–2 × 1014 genome copies per milliliter. (AAV9-generation was performed by P. Avramopoulos 

in the lab of S. Engelhardt, TUM; description adapted from the manuscript Marahori et al., in 

preparation) 

2.3. Surgery 

2.3.1. Neonatal injection of AAV into brain ventricles 

AAVs were injected into mice as described in Wang et al. (2021) and Marahori et al. (manuscript 

in preparation). The pups were anesthetized with ~32% isoflurane between postnatal days 2–3 

and injected with 2 µL of AAV-particle suspension with a glass pipette on a nanoliter injector (30 

nL/s; Micro4TM MicroSyringe Pump Controller and Nanoliter 2000, World Precision Instruments; 

pipette: 3.5’’ Drummonds #3-000-203-G/X) under ultrasound guidance (Vevo1100 Imaging 

System and Microscan MS550D transducer, Visualsonics) into the brain ventricle. After the 

procedure, the pups recovered on a heating mat (37 °C) before being returned to the mother. 

The injected mice were later sacrificed for live explant imaging or for histology, as described in 

section 2.4 “Tissue preparation.” 

2.3.2. Photoconversion of the intercostal nerve in vivo 

To photoconvert a stretch of intercostal nerve, the tissue was exposed as previously described 

(Breckwoldt et al., 2014). Briefly, to expose an intercostal nerve, Thy1-mito-Dendra animals were 

anesthetized with ketamine/xylazine (KX) and the fur of the thorax was removed. After skin 

incision, the 3rd and 4th intercostal nerves were exposed, the pectoral muscle split, and the 
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intercostal space was carefully dissected without damaging the nerve. The intercostal nerve was 

then briefly illuminated with a 405 nm LED (using a BX51WI microscope and 20x objective) for 1 

min. The pectoralis muscle and the skin were then sutured (6-0 monofilament) and cleaned with 

80% ethanol. Mice were allowed to recover in a heating pad and monitored hourly for signs of 

discomfort. Triangularis sterni explants were prepared 4–8 hours days after photoconversion. 

2.3.3. In vivo imaging in sternomastoid muscles 

In vivo imaging of mitochondrial turnover was performed in the murine sternomastoid muscle 

as described previously (experiments performed by Dr. Melike Lakadamyali in the lab of J. 

Lichtman, Harvard University, USA; Turney et al., 2012). Briefly, the mouse was anesthetized 

with 0.10–0.15 mL of 17.4 mg/mL ketamine and 2.6 mg/mL xylazine in 0.9% NaCl solution (K/X) 

and intubated for ventilation. The sternomastoid muscle was exposed by a midline incision in the 

neck. The overlying skin and submandibular gland were fixed laterally with a retractor. A small 

spatula was inserted underneath the endplate zone in the center of the muscle. The muscle was 

slightly lifted on the spatula to isolate it from heartbeat-related motion artifacts. A low 

concentration (1 µg/mL) of fluorescently labeled α-bungarotoxin (Alexa647-BTX, Molecular 

Probes) was added for 30–60 seconds. The muscle was then washed extensively with lactated 

Ringer’s solution, which was also used as an immersion medium during imaging. Confocal 

images were recorded using the FV1000 confocal system (Olympus, 20X/0.5 NA, and 100X/1.0 

NA dipping-cone water immersion objectives). In order to avoid motion artifacts due to 

respiration, the ventilator was briefly switched off during imaging (< 30 seconds). The mice were 

placed on a heated pad, which was kept at around 30ºC. After surgical closure of the wound, 

mice were injected with antisedan (atipamezole hydrochloride) for speeded recovery. The mice 

were subsequently injected with buprenorphine for analgesia.  

2.4. Tissue preparation and microscopy 

2.4.1. Acute nerve-muscle explants and widefield live microscopy 

Thorax explants containing the triangularis sterni muscle and its associated intercostal nerves 

were dissected from mice using a modified protocol adapted from Kerschensteiner et al. (2008) 

and Brill et al. (2013). After lethal anesthesia with isoflurane (Abbott) and cervical dislocation of 

the mice, the explanted thoraces were prepared under a dissection microscope (Olympus SZ51). 

Thy1-mito-Dendra and Thy1-mito-paGFP thoraces were dissected in a dark room under red light 

to avoid premature photoswitching. The thorax was isolated from skin and pectoral muscles and 
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released from the animal cavity by quickly severing the ribs near the spine (< 1 min). The 

explanted tissue was transferred to a dish with oxygenated (bubbled with 95% O2 / 5% CO2) and 

cooled Ringer’s solution (in mM: 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 

MgCl2, 20 glucose) on ice, and any remaining inner organs were removed. The explant was 

pinned on a Sylgard-coated 3.5 cm dish with insect pins (Fine Science Tools, 26002-20) with the 

ventral side facing up. During the experiment, the explant was superfused with warmed, 

oxygenated Ringer’s solution at 2–3 mL/min at temperatures between 33–36 °C in a heating ring 

(Warner instruments). Live image stacks and movies were recorded on µManager-controlled 

epifluorescence microscopes (Olympus BX51WI; www.micro-manager.org). Microscopes were 

equipped with ×4/0.5 N.A. air-, ×20/0.5 N.A. and ×100/1.0 N.A. water-immersion dipping cone 

objectives, LED light source (pE-4000 CoolLED) or a mercury arc lamp (Olympus), a 405 nm 

LED (Thor Labs, #M405L1) or a 405 nm laser (Coherent), an automated filter wheel (Sutter), a 

CMOS camera (Andor Sona, low-noise mode) or a CCD camera (Retiga EXi, Qimaging) and a 

motorized stage (MMTP, Scientifica for xy-motility; Ludl, MAC 6000 for z-focus). Neutral density 

and infrared-blocking filters were used in the light path to guard against phototoxicity. The 

following multicolor filter sets were used: LED-DA/FI/TR/Cy5-B-000 (Semrock) or Triple-

FITC/Cy3/Cy5 (Chroma #86016) for mito-Dendra; LED-CFP/YFP/mCherry-A-000 (Semrock) or 

Triple-ECFP/EYFP/mCherry (Chroma #89006) for mito-RFP and mito-paGFP signals; and 

GFP/Keima(pH)-3X2M-A-000 (Semrock) for mito-Keima (and associated mito-XFP fluorophores) 

imaging. For measurements of axonal transport in intercostal nerves (stem axons), time-lapse 

movies with 180–300 images were acquired at 1 Hz and exposure time of 300 ms. For synaptic 

transport measurements, movies were acquired for 30 min–2.5 h (0.5–0.33 Hz), usually at the 

“entry points” of terminal axon branches into superficial neuromuscular junctions (NMJs) of the 

triangularis sterni muscle. Only one or two NMJs were imaged per explant to keep the imaging 

time window within the limit of physiological transport rates (~3 h) unless specified otherwise in 

the text. After sample fixation, low-magnification stacks (×20 and ×4) were taken to re-localize 

recorded synapses. (adapted from the manuscript Marahori et al., in preparation) 

2.4.2. Photoswitching protocol 

Photoswitching (photoactivation / -conversion) with 405 nm light was performed using a 

×100/1.0 N.A. water-immersion dipping cone objective. The 405 nm light was restrained to a ~40 

µm wide spot on the sample with a built-in aperture stop (Olympus). For time-lapse imaging, the 

smallest dose of 405 nm illumination that yielded adequate contrast was used to reduce potential 

phototoxicity (Dendra ~870 µW*s, pa-GFP ~8.7 mW*s; see Section 3.1). In some mito-paGFP 

experiments, a 405 nm laser (Coherent) was used (0.1% laser power for 1 s). Photoactivation 

with two-photon lasers was performed on an Olympus FVMPE-RS microscope equipped with a 
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widefield live imaging setup similar to the one described above. Using a ×100/1.00 N.A. water-

immersion objective, mitochondria were photoactivated using the following settings: 60% laser 

power, 800 nm, ~6 s. (adapted from the manuscript Marahori et al., in preparation) 

2.4.3. Vital dyes and live compounds 

Acute nerve-muscle explants were incubated with mito-photo-DNP to depolarize mitochondria 

(Chalmers et al., 2012). The compound (Focus Biomolecules, 10-1580) was incubated as a bath 

application for 30 min (using the perfusion system described earlier; 20 µM in prewarmed 

oxygenated Ringer’s solution) in a dark room under red light (Glancy et al., 2015). In the 

experimental groups, mito-photo-DNP was photoactivated using a ~870 µW*s UV dose right after 

washout with Ringer’s for 7 min, while in the ‘no depolarization’ control groups, the UV dose was 

applied prior to mito-photo-DNP incubation, resulting in photoconversion of mito-Dendra for both 

groups, but photoactivation of mito-photo-DNP only in the experimental group.  

To measure mitochondrial membrane potential, acute explants were isolated from ChAT-Cre × 

ROSA-mito-GFP mice and then continually perfused at the widefield setup with 30 nM TMRE 

(non-quenching condition; diluted in oxy-Ringer’s with 0.1% DMSO; Thermofisher, T669) at 30–

33 °C, with imaging starting after at least 1 h of incubation. Stacks of junctions that were located 

in successfully TMRE-labelled muscle tissue were used for experiments. Then, neuromuscular 

junctions after photoactivation of mito-photo-DNP were acquired, and junctions with only UV 

illumination (control). 

For LysoTracker experiments, acute triangularis sterni nerve-muscle explants were transferred 

either to a widefield setup (as described above) or an upright confocal setup equipped with 

×100/1.0 N.A. and ×20/.5 N.A. water-immersion objectives, a heated stage, and perfusion system 

(Olympus FV1000; 33–36 °C; 95% O2 / 5% CO2 bubbled Ringer’s solution). The explants were 

incubated with LysoTracker Red DND-99 for 3 min (1:5000, Invitrogen, L7528) and Alexa-647-

conjugated α-bungarotoxin for 15 min (1:50, Invitrogen, B-35450, 50µg/mL) added to perfusion 

media (Song et al., 2008). After wash-out, widefield or confocal image stacks (as indicated in 

figure legends) of superficial axon terminals were acquired at Nyquist resolution, and positions 

were mapped (×20 objective) to enable re-localization of the axons after sample fixation. 

To visualize the myelin sheath during axonal transport measurements, acute nerve-muscle 

explants were briefly (15 min) stained with fluoromyelin red on a heated stage at a widefield setup 

equipped with a perfusion system (Thermofisher, F34652). 
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2.4.4. Tissue fixation and histology 

Immunohistochemistry was performed using a modified protocol from Brill et al. (2016). Nerve-

muscle explants were fixed in 4% paraformaldehyde (PFA; Sigma #P6148 or Electron 

Microscopy Sciences #15710) or 2% PFA for anti-ubiquitin stainings in 0.1 M phosphate buffer 

(PB) for 1–2 h on ice. Triangularis sterni muscles were dissected as whole mounts to leave the 

anatomy of motor axons and myocytes intact (Brill et al., 2013; Kerschensteiner et al., 2008). For 

some antibody stainings (anti-ubiquitin, anti-Dendra, anti-GFP, anti-tag-RFP), the muscles were 

permeabilized for 1 h at 37 °C with 5% CHAPS in H2O (300 rpm; Roth #1479.3). For antibodies 

that were raised in mouse, blocking with mouse Fab-fragments (1:100 in PB) and then blocking 

solution was performed (each 1 h on a shaker, 60 rpm, at room temperature). Brains and spinal 

cords were collected from mice after lethal anesthesia with isoflurane and transcardial perfusion 

with 4% PFA in 0.01 M phosphate-buffered saline (PBS; pH 7.35). After postfixation by immersion 

overnight (4 °C), samples were mounted in 2% agarose and cut on a vibratome (Leica, 60 µm 

sections).   

Samples were incubated overnight at 4 °C 60 rpm in the primary antibodies diluted in blocking 

solution (Muscle: 10% goat serum Millipore #S26, 1% BSA Sigma Aldrich A9647, 0.5% Triton X-

100 Sigma-Aldrich T9284, in 0.1 M PB; Brain and spinal cord: 10% goat serum Sigma Aldrich 

G9023, 1% BSA Sigma Aldrich A9647, 0.5% Triton X-100 Sigma-Aldrich T9284, 0.05% NaN3, 

Riedel de Haen 13412, in 0.01 M PBS). The following primary antibodies were used: anti-βIII-

tubulin conjugated to Alexa-488 (mouse IgG2a, 1:200; Biolegend, #801203), to Alexa-555 

(mouse IgG2a, 1:100; BD Biosciences #560339), to Alexa-594 (mouse IgG2a, 1:200; Biolegend 

#657408), or to Alexa-647 (mouse IgG2a, 1:200; Biolegend #657406); anti-Caspr (rabbit 

polyclonal, 1:500, Abcam, ab34151); anti-Dendra2 (rabbit polyclonal, 1:500, Evrogen, AB821); 

anti-GFP (rabbit polyclonal, 1:1000, Abcam, ab13970); anti-ubiquitin clone Ubi-1 (mouse IgG1, 

1:10-1:20,  Millipore, MAB1510). For labeling postsynaptic nicotinic acetylcholine receptors, 

Alexa-594-, Alexa-647- or biotin-conjugated α-bungarotoxin (1:20, Invitrogen, B-13423, B-35450, 

B1196; 50µg/mL in PBS) was added to the primary antibody staining. Brain and spinal cord 

sections were stained with Neurotrace 640/660 (Invitrogen N21483, 1:500). Samples were 

washed three times in 0.1 M PB (muscles) or 0.01 M PBS (vibratome sections) and then 

incubated for 2 h on a shaker (60 rpm, room temperature) with suitable secondary antibodies 

coupled to Alexa-Fluor dyes (raised in goat; Thermofisher and Jackson Immunoresearch) and/or 

streptavidin coupled to Alexa-405 (1:200, Invitrogen, S32351; 1mg/mL in PBS), then washed 

again. For mounting, glass slides covered in Vectashield (Vector Laboratories) or Fluoromount 

G (Thermofisher, #00-4958-02) were used. Muscles were flattened by placing them between 

glass slide and cover slip under magnetic pressure. (adapted from the manuscript Marahori et 

al., in preparation) 
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2.4.5. Confocal and Airy scan microscopy 

Images in fixed samples were recorded using a confocal microscope equipped with ×10/0.40 

N.A. air-, ×20/0.8 N.A., ×40/1.35 and ×60/1.42 N.A. oil-immersion (Olympus FV1000, Olympus 

FV3000), or ×10/0.45 N.A. air-, ×20/0.8 N.A. air-, and ×63/1.4 N.A. oil-immersion objectives 

(Zeiss LSM980). NMJs that were live imaged before fixation on a widefield microscope were re-

localized in the fixed sample using the surrounding microanatomy as fiducials (for example, using 

axon innervation and branching patterns, positions within the muscle). The samples were 

acquired using Nyquist sampling (for high-N.A. objectives), sequential scanning, and automated 

pinhole diameter. Airy Scan microscopy (LSM 800; LSM 980 with Airy Scan 2; Zeiss) was 

performed on samples that were mounted under ultra fine coverslips (Hecht Assistent, 

#41014521). Laser power and detector voltage were adjusted to neither under- nor oversaturate 

the fluorescence signals. The settings of quantitative datasets comparing experiments and 

controls were kept constant for comparability. Airy Scan stacks were processed with Zeiss ZEN 

Blue software using appropriate Wiener filter parameters, with constant settings between 

experiments and controls. 

2.4.6. Electron microscopy 

Triangularis sterni muscle explants were prepared as described above and transferred to 

cooled EM fixative (4% PFA, 2.5% glutaraldehyde, in 0.1 M sodium cacodylate) for 24 h at 4 °C. 

For correlative datasets, explants were first prepared for live imaging (described above, see 

figure legends), with fixation following immediately after image acquisition. The region containing 

the site of interest was punched using an asymmetrical shape and transferred to a glass slide. 

For correlative datasets, NMJs were re-localized and outlined by two asymmetrical shapes using 

two-photon laser burns (near-infrared branding “NIRB”; Bishop et al., 2011) on an Olympus 

FVMPE-RS microscope equipped with a ×25/1.05 N.A. water-immersion multiphoton objective 

and GASP detectors (NIRB settings: 100% laser power, 920 nm, 30–60 s). Afterward, samples 

were post-fixed (48 h at 4 °C), and NIRB marks were re-localized on a dissection microscope. 

The triangularis sterni muscle layer was isolated before embedding as follows (by M. Schifferer, 

EM facility hub at DZNE Munich). A standard rOTO protocol was used for en bloc staining 

(Kislinger et al., 2023), and reduced osmium post-fixation (2% osmium tetroxide, 1.5% potassium 

ferrocyanide in 0.1 M sodium cacodylate buffer pH 7.4), TCH treatment (1% aqueous 

thiocarbohydrazide; Sigma, 223220-5G) and another osmium step (2% aqueous osmium) 

followed. The muscle was incubated overnight in 1% uranyl acetate at 4 °C, contrasted in 0.1% 

lead aspartate (silver nitrate, Alfa Aesar, A16345; L-aspartate, Sigma, A9256-100g), dehydrated, 

infiltrated with epon and embedded in a support tissue scaffold (mouse cortex). The block was 

trimmed by 200 µm to expose a rectangular block face with a TRIM90 knife (Diatome, Trim 90, 
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DTB90) on a PowerTome ultramicrotome (RMC). Consecutive sections were taken on an 

automated tape collecting ultramicrotome (ATUM) with a diamond ultra-knife (Diatome) at 50 nm 

thickness and collected on carbon-coated Kapton tape (kindly provided by Richard Schalek, Jeff 

Lichtman, Harvard; Schalek et al., 2012). The tape was plasma-treated (custom-built vacuum 

chamber based on the glow discharger easiGlow, PELCO) right before section collection 

(Kasthuri et al., 2015; Kislinger et al., 2023). The appearance of NIRB marks was monitored 

during sectioning and by light microscopic inspection of sample sections after methylene blue 

staining (Sigma, M9140). Kapton strips with the selected sections were assembled onto double-

sided adhesive carbon tape (Science Services, P77819-25), mounted onto a 4-inch silicon wafer 

(Science Services, SC4CZp-525-01), and grounded with adhesive carbon tape strips (Science 

Services, 77816-25). Section images were acquired on a Crossbeam Gemini 340 SEM (Zeiss) 

in backscatter mode at 8 keV (high gain) at 7.0 mm WD and 60 µm aperture. Wafers were 

screened and selected for NIRB marks. In ATLAS5 Array Tomography (Fibics, Ottawa, Canada), 

the wafer was imaged at 6000 nm/pixel, followed by mapping and medium resolution (200 

nm/pixel) imaging of individual tissue sections. The regions of interest were automatically 

acquired at 3 nm/pixel. The images were aligned semiautomatically using the Fiji TrakEM2 Plugin 

(Cardona et al., 2012) and annotated in IMOD for rendering by the author 

(https://bio3d.colorado.edu/imod/; Kremer et al., 1996). (adapted from the manuscript Marahori 

et al., in preparation) 

2.5. Data analysis 

Image analysis was performed with the ImageJ-based software Fiji unless indicated otherwise 

(http://fiji.sc) (Schindelin et al., 2012). To correct for movement during imaging, time-lapse movies 

were aligned to a region of interest prior to analysis (‘Template matching’ plugin; 

https://sites.google.com/site/qingzongtseng/template-matching-ij-plugin) (Tseng et al., 2011). 

Pixel intensity measurements were undertaken after background subtraction in each color 

channel. 

2.5.1. Fluorescence intensity and UV-dose-response curves  

To calculate the fluorescence intensity of photo-transformable proteins (paGFP and 

Dendra2), individual mitochondria were isolated in neuromuscular junctions (NMJs) by manually 

drawing regions of interest (ROI, ‘freehand selection’ tool). At least three measurements were 

taken per NMJ, and the average pixel intensity was calculated in Fiji. For dose-response curves, 

NMJs were illuminated with incremental steps of UV light, and measurements from each step 

were plotted against the corresponding cumulative duration of UV illumination. The ROIs were  

http://fiji.sc/
https://sites.google.com/site/qingzongtseng/template-matching-ij-plugin
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repositioned manually to the selected 

mitochondria to account for sample drift. 

The intensity measurements were 

normalized to the initial value before UV 

illumination. In further experiments, 

mitochondria were considered to be 

‘photoswitched’ (p.s.) if the ratio of the 

p.s./non-p.s. fluorescence intensity 

exceeded the mean before 405 nm 

illumination by at least 4 standard 

deviations. 

2.5.2. Mitochondrial transport and 

shape 

Axonal transport rates were measured by 

counting the fluorescent organelles which 

crossed a vertically placed line in either 

anterograde or retrograde direction, then 

divided by observation time (Figure 2.1, 

a,b; Marinkovic et al., 2012; Misgeld et al., 

2007). Mitochondrial shape was manually 

annotated in Fiji: Length ( 𝑙 ) and width ( 𝑤 ) 

of individual moving mitochondria were 

measured with the ‘line’ tool; for area and 

perimeter, the mitochondria were outlined 

with the ‘freehand selection’ tool (Figure 

2.1, c). Mitochondrial volume was 

calculated by assuming an ellipsoidal 

shape:  

 (1)  
1

6
 𝜋 ∗ 𝑙 ∗ 𝑤2 

In axon terminals, each mitochondrion was measured in three different time-lapse frames 

where possible, and the average was used for further analysis. Mitochondrial volume flux rates 

were calculated as the sum of transported mitochondrial volumes per time interval. Mitochondrial 

aspect ratio is given as mitochondrial length divided by width. Circularity is calculated as 

(2)  4 𝜋 
𝑎𝑟𝑒𝑎

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2 

 

Figure 2.1 | Measuring the shape of moving mitochondria 

in intercostal nerve axons. a, Top: intercostal nerve axon 

showing mitochondria labeled with a fluorescent protein 

(Thy1-mito-CFP mouse). A time-lapse movie spanning 5 min 

in total was taken at this position (image shown was aver-

aged over the time of 7 s). Bottom: moving mitochondria 

from the axon shown above were tracked over time (excerpt). 

The color scale indicates the position of the mitochondria at 

consecutive time points (frame rate, 1 Hz; the starting posi-

tion is shown by a light circle, the final movement by the 

darkest shade). The color code represents mitochondria 

moving in anterograde (blue shades) or retrograde (magenta 

shades) directions. Transport rates were counted across the 

whole movie as the number of mitochondria traversing the 

vertically placed line, then divided by the total observation 

time. Usually, more mitochondria move in anterograde than 

in retrograde direction. b, Excerpt of a temporal image series; 

the position being indicated by the boxed area in a. The 

markers point to two moving mitochondria (blue: antero-

grade; magenta: retrograde) at consecutive time points 

(frame rate, 1 Hz). c, Average length and width of each mito-

chondrion traversing the line were obtained to calculate vol-

ume flux rates. Here, examples of two moving mitochondria 

are shown, their positions indicated by the boxed areas in b 

(left row: retrogradely moving mitochondrion, right row: an-

terogradely moving mitochondrion). Scale bars: a, 10 µm; b, 

2 µm; c, 1 µm 
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Both shape factors represent a perfectly circular shape by the value of 1.  

In Airy Scan image stacks, volume was calculated by outlining a mitochondrion’s area in each 

z-section and multiplying the area sum with section thickness. A mitochondrion’s area was 

defined as all cohesive pixels with intensity surpassing ½ of the peak intensity in the 

corresponding line scans (‘Plot Profile’ Fiji function, example in Figure 3.9, h), multiplied by the 

resolution in xy. For widefield comparison, 𝑙 and 𝑤 were also defined by the distance between 

the ½ maxima of fluorescence intensity in a line scan (Figure 3.9, d). 

2.5.3. Tracking and organelle motility analysis  

Organelles were tracked using the ‘Manual Tracking’ Fiji plugin. The organelle positions (x,y) 

for each time frame were extracted in a table, and the Euclidian distance between consecutive 

positions was calculated. Next, each track was divided into subsections of motility and pausing 

behavior. Pauses (= stops) were defined where a previously motile organelle was displaced by 

less than 2 pixels per frame (~0.09 µm/s). Stops were registered as ‘transient’ if an organelle 

resumed motility again. Mitochondria that stopped for longer than 15 min remained in their 

position until they slowly disappeared or until the end of the movie (Figure 3.17, c), as these 

stops were never transient, they were instead marked as ‘persistent’. For each organelle, the 

following motility parameters were extracted: average speed (total distance divided by total 

observation time), run speed (speed excluding time spent stopping), average pause duration 

(total time spent stopping divided by total number of stops), average duration of transient stops 

(pause duration excluding all stops at the start or end of the track), average pause rate (total 

number of stops divided by observation time). 

For mitochondrial trackings in retrograde ‘pulse-chase’ experiments, each track was mapped 

onto the anatomy of its axon terminal. In these movies, the axon was outlined (based on a 

correlated βIII-tubulin staining) and divided into the synaptic area (α-bungarotoxin), paranodal 

regions (anti-caspr), internodes and unmyelinated axon (only βIII-tubulin). These compartments 

were sectioned further according to their relative size (from distal to proximal: 10 bins between 

the base and the apex of the synaptic branches, 10 bins along the internode, and 2 bins in 

between the heminode and synapse). Each mitochondrial position in time was assigned to the 

nearest bin, and then mitochondrial tracks and motility parameters were plotted relative to their 

position along the axonal compartments. The likelihood of a mitochondrion staying in the bin due 

to a permanent stop (only mitochondria were included that stopped at least 15 min before the 

end of the movie) was calculated after marking whether a mitochondrion passed the bin (Value 

0) or whether the mitochondrion persistently stopped (Value 1). The mean over all mitochondria 

was then plotted per bin as a probability (Figure 3.17, d). 
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2.5.4. Mitochondrial capture experiments  

Mitochondrial ‘capture’ was defined when mitochondria stopped persistently (> 15 min) in the 

synaptic exit point (or another node, depending on the experiment). The synaptic exit point was 

defined as the area between the proximal 1/10 of the presynapse and the heminode, which was 

corroborated by post hoc staining when possible. ‘Passing’ was defined when mitochondria 

moved through this region. In pie charts, the relative proportions of photoconverted mitochondria 

that were captured vs. passing were plotted (excluding mitochondria which entered the exit point 

within the last 15 min of the movie).  

Mitochondrial volume flux rates were measured as described in section 2.5.2. Both 

photoconverted and non-photoconverted mitochondria were annotated through the ‘Merge’ color 

mode in Fiji. For ‘captured’ mitochondria, the last 15 min of the movie were excluded. The flux 

rates of ‘non-photoconverted’ captured mitochondria were estimated for each junction from the 

photoconverted flux by normalizing for the proportion of photoconverted synaptic area (Figure 

3.17, f). For measuring synaptic areas, widefield image stacks before and after photoconversion 

were deconvolved (‘Subtract background’ Fiji Plugin, to remove unfocused scatter light) and 

maximum projected, and then the area was measured after thresholding of the mitochondrial 

signal (‘Otsu’ or ‘Li’ algorithms).  

2.5.5. Lysosome distribution in axon terminals 

Lysosome distributions were measured by creating a segmentation mask (mito-Keima: 

combined mask from the 438- and 556-nm channels after deconvolution with ‘Subtract 

background’ Fiji Plugin, manual thresholding and binarization; LysoTracker: manually 

thresholded and binarized cytoplasmic YFP channel) and using the mask to retain the pixels 

containing the lysosomal signal in the stack (after background subtraction). For mito-Keima, the 

resulting image stacks were additionally divided (556/438-nm) to create a ratiometric image. The 

stacks were then flattened by averaging the pixel values inside the mask across the z-dimension. 

The axon terminals were sectioned into subcompartments using a correlated axon 

compartment staining (see above), and the pixel intensity profiles were plotted from each 

compartment by line scans (‘Plot Profile’ function in Fiji; the widths of the annotation lines were 

adjusted to cover the axon branches). The results were then averaged for each subcompartment 

of each bin. LysoTracker plots were additionally normalized to the internodal mean signal. 
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2.6. Image representation 

For figure representation purposes, images were processed in Fiji and Adobe Photoshop. 

Different channels of an image series were combined in pseudo-colors using the ‘screen’ function 

in Adobe Photoshop). Maximum intensity projections were generated in Fiji and stitched in Adobe 

Photoshop (where needed). In most figures, images show maximum intensity projections of 

confocal or widefield image stacks. If single optical sections are shown, this was indicated in the 

figure legends. For representation, widefield stacks were deconvolved with the “Subtract 

background” Plugin in Fiji prior to maximum projection to remove unfocused scatter light 

(Conchello & Lichtman, 2005). Gamma settings were adjusted non-linearly in Adobe Photoshop 

to increase the visibility of low-intensity objects; however, gamma was not applied to panels that 

were used for pixel intensity quantification (e.g., ratiometric fluorophores like mito-Keima, protein 

staining quantifications like anti-ubiquitin). Images were placed on dark monochrome 

backgrounds where appropriate. For presentation purposes only, movies were denoised (e.g. 

Gaussian blur in Fiji, ‘dust and scratches’ in Adobe Photoshop, or ‘Candle’ algorithm in MATLAB; 

Coupe et al., 2012) and bleaching-corrected in Fiji using an exponential fit. Segmentations from 

electron microscopy stacks were rendered with AMIRA software. The relevant structures in 

electron micrographs were pseudo-colored by a transparent overlay. 

2.7. Statistical analysis 

For each dataset, measurements were taken from distinct entities, with the number of biological 

replicates being detailed in the corresponding figure legends. No statistical methods were used 

to predetermine sample sizes, but the chosen sizes were similar to previous measurements (Brill 

et al., 2016; Misgeld et al., 2007). The samples were not randomized during data collection since 

the mice were assigned to the experimental groups according to the given genotypes. However, 

comparative datasets were acquired and analyzed in a blinded manner.  

Statistical analysis was performed with GraphPad PRISM software (Version 8). First, data were 

tested for a normal distribution using the D’Agostino-Pearson normality test unless the 

distribution was already known from previous, larger datasets. In datasets with normal 

distribution, significance was determined by a two-sided student’s t-test (unpaired unless 

indicated otherwise). Otherwise, significance was tested with a two-sided Mann-Whitney-U test. 

For paired analysis, a two-tailed Wilcoxon signed-rank test was used. A two-sided χ²-test was 

used for contingency analyses. A one-way or two-way ANOVA test with multiple comparisons 

was used to compare multiple (normally distributed) groups with each other. Not normally 

distributed data were analyzed using a Kruskal-Wallis-test and Dunn’s multiple comparisons test. 
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p values < 0.05 were considered significant and marked by ‘‘*’’; p values < 0.01 were indicated 

by ‘‘**’’ and < 0.001 by ‘‘***.’’ Trendlines and R2 values were generated in Excel based on a linear 

approximation. Boxplots show median, interquartile range, and whiskers 95th percentiles. Results 

written in the main text and the bars in bar plots indicate mean ± s.e.m. The corresponding figure 

legends indicate the specific tests used in each dataset. Survival plots for fusion experiments 

were generated in GraphPad PRISM software. 

2.8. Buffers and solutions 

0.1 M Phosphate buffer (PB) 

• Solution A – alkaline 0.1 M:  35.6 g Na2HPO4 dihydrate  (Roth, 4984.1) in 2L  dH2O  

• Solution B – acidic 0.1 M: 6.9 g NaH2PO4 monohydrate  (Roth, K300.2) in 0.5L  dH2O 

• Titrate the pH to 7.35 by mixing Solutions A and B: 

o approx. 200–250 mL Sol. B on 750 mL Sol. A 

• Stir well (at least 30 min) on a magnetic stirrer with a hotplate. 

• Store at RT. 

 

10× Phosphate Buffered Saline (PBS) 

Reagent  Quantity Final Concentration Source 

NaH2PO4 2.56 g 18.6 mM Riedel de Hän, 04270 

Na2HPO4 11.94 g 84.1 mM Sigma-Aldrich, S3264 

NaCl 102.2 1750 mM  

H2O 1 L 

Total 1 L 

For experiments, 100 mL of 10× PBS was solved in 800 mL dH2O, then pH was adjusted with HCl or NaOH solutions to 7.35, 

and then filled up with dH2O to 1 L. 

 

PFA in 0.1 M Phosphate buffer (PB) 

Reagent  Quantity Final Concentration Source 

Paraformaldehyde (PFA), EM grade, 16% 

aqueous solution  

10 mL 4% Electron microscopy sciences, 

15710 

0.2 M PB, pH 7.35 20 mL 0.1 M see above 

H2O 10 mL 

Total 40 mL 

Keep at 4 °C. Prepare fresh before the experiment. Using 0.2 M PB, pH 7.35 for this recipe will yield a PFA mixture with pH 7.40. 
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Blocking Solution (10% GS, 1% BSA, 0.5% Tx) in PB 

Reagent  Quantity Final Concentration Source 

Goat Serum (GS) 10 mL 10% Millipore, S26 

Bovine serum albumin (BSA), pH 7 1 g 1% Sigma-Aldrich, A9647 

Triton™ X-100 (Tx) 0.5 mL 0.5% Sigma-Aldrich, T8787 

0.1 M PB, pH 7.35 up to 100 mL 

Blocking solutions were sterile filtered (0.45 µm), aliquoted, and stored at -20 °C. 

 

Blocking Solution (10% GS, 1% BSA, 0.5% Tx) in PBS 

Reagent  Quantity Final Concentration Source 

Goat Serum (GS) 10 mL 10% Millipore, S26 

Bovine serum albumin (BSA), pH 7 1 g 1% Sigma-Aldrich, A9647 

Triton™ X-100 (Tx) 0.5 mL 0.5% Sigma-Aldrich, T8787 

1× PBS up to 100 mL 

Blocking solutions were sterile filtered (0.45 µm), aliquoted, and stored at -20 °C. 

 

Ringer’s solution 

Reagent  Quantity Final Concentration Source 

1 M CaCl2 2 mL 2 mM Sigma-Aldrich, C1016 

1 M MgCl2  1 mL  1 mM  

H2O  900 mL   

10× Ringer’s solution  100 mL  20 mM see below 

Glucose 3.6 g  Sigma-Aldrich, 16301 

Total volume 1 L. Stored at 4 °C. 

Ringer’s was bubbled with carbogen gas (95% O2, 5% CO2) at least 20 min before use. 

 

10× Ringer’s solution 

Reagent  Quantity Final Concentration Source 

NaHCO3 21.84 g 260 mM Sigma-Aldrich, S6297 

NaH2PO4 * H2O 1.72 g 12.5 mM Riedel de Haen, 04270 

KCl 1.86 g 25 mM  

NaCl 73.05 g 1.2 mM  

Total volume 1 L. Stored at 4 °C. 
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3. Results 

The experiments described in this section were partially reported in a bioRxiv-preprint (which 

is currently being prepared for peer-reviewed publication):  

 

Marahori, N. A., Gailer, B., Schifferer, M., Kleele, T., Iatroudi, A., Hannan, S. B., Avramopoulos, 

P., Engelhardt, S., Lakadamyali, M., Brill, M. S., & Misgeld, T. (2024). A retrograde transit filter 

mediated by optineurin controls mitostasis in distal axons. bioRxiv; DOI: 

10.1101/2024.07.28.604753  

 

The work detailed in this section was performed by N. A. Marahori in the laboratory of T. Misgeld 

(TUM, Munich, Germany) unless specified otherwise (contributions are detailed in the 

corresponding figure legends). 
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3.1. Optical pulse-chase imaging assay  

Time-lapse microscopy is an effective tool to study the dynamics of neuronal mitochondria in 

vivo (Faits et al., 2016; Lewis et al., 2016; Marinkovic et al., 2012; Misgeld et al., 2007; Paquet 

et al., 2014; Plucinska et al., 2012; Smit-Rigter et al., 2016; Sorbara et al., 2014). Capturing 

mitochondrial dynamics, however, is challenging because (1) dynamic events are rare in fully 

mature neurons (Faits et al., 2016; Lewis et al., 2016; Misgeld & Schwarz, 2017; Smit-Rigter et 

al., 2016), and (2) because neurons, especially at synaptic sites, are often densely filled with 

mitochondria, up to the point where conventional light microscopy cannot resolve the space 

between individual organelles anymore. An ideal imaging assay should offer long observation 

times coupled with high temporal resolution (to capture these rare and fast events) and achieve 

the resolution down to a single mitochondrion (nm–µm organelle size) yet follow its dynamics 

while it moves across the neuronal landscape (cm–m axon length; Figure 3.1).  

 

Figure 3.1 | Technical challenges of capturing the mitochondrial lifecycle in neurons. a, Spatial dimensions: mito-

chondria are densely clustered in motor neurons, and nm–µm precision is necessary to discern the shapes and dynamics 

of individual mitochondria (red). However, mitochondria can travel distances that are way beyond a single field of view 

(cm–m). With conventional microscopy, bridging this chasm is challenging. b, Temporal dimensions: In axons, mitochon-

dria move quickly (ms–s per µm) but only occasionally (a few mitochondria per hour), which means long observation 

times need to be coupled with high frame rates. Both raise the total number of movie frames, increasing phototoxicity. 

The two images show kymographs of a mitochondrion (red) that moved anterogradely in a terminal motor axon branch 

(acute nerve-muscle explant of a Thy1-mito-Dendra mouse). A kymograph plots the fluorescent signal of an axon (hori-

zontal axis) for each time frame of a movie (vertical axis). Stationary mitochondria, therefore, appear as vertical straight 

lines, and moving mitochondria as uneven lines. Left: The kymograph of the entire movie shows all events of moving 

mitochondria but is insufficient to view further details. Right: Enlarged view of the kymograph from the indicated time 

period, revealing more movement details. Experiment performed by the author. 
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Conventional widefield microscopy can combine high temporal resolution with long observation 

times more easily than optical sectioning microscopy, as it causes less phototoxicity, making it 

more suitable for imaging synaptic mitochondria in situ (Misgeld et al., 2007). However, widefield 

microscopy lacks spatial resolution and contrast, as it collects photons also outside the focal 

point (Conchello & Lichtman, 2005). The optical pulse-chase imaging assay that will be presented 

in this work was meant to tackle this and other issues. Using photoswitchable proteins that were 

targeted specifically to the mitochondrial matrix in neurons, this assay aimed at labeling individual 

subpopulations of mitochondria for studying the mitochondrial lifecycle in vivo / in situ: 

1| Sparse-labelling mitochondria: visualizing single organelles against the dense pool of 

resident mitochondria with precision (for example, to measure shapes, transport 

parameters, and fusion events) 

2| Proof of origin: labeling mitochondria in a certain neuronal compartment, then 

monitoring their appearance in another compartment further away, thus virtually 

expanding the available tracking range well beyond a single field of view 

3| Time-stamping mitochondria: labeling a mitochondrial population at a certain time point 

and monitoring its exchange with “new” mitochondria (non-photoswitched), useful for 

measuring local mitochondrial turnover   

Photoswitchable proteins are fluorophores that can change their color under (UV) light 

illumination (Zhou & Lin, 2013). To target neuronal mitochondria with these proteins, a set of 

transgenic mouse lines was generated in a collaborative effort (B. Gailer, M. Lakadamyali, M. 

Leischner, N. Marahori, T. Misgeld; see Gailer, 2022). In brief, the Thy1-promoter was used to 

drive the expression of photoswitchable proteins selectively in neurons, as previously described 

(see Materials and Methods; Marinkovic et al., 2015a, 2015b; Marinkovic et al., 2015c; Misgeld 

et al., 2007). Photoswitchable proteins are classified into various categories with different pros 

and cons (Zhou & Lin, 2013).  

 

Line Spinal 

cord 

Retina  

Cortex 

Cerebellum Hippocampus Expres-

sion level 

Fixable 

with 

PFA? 

2-Photon 

photoacti-

vation 
 MN DRG RG AC BC GC MF PC DG CA1 CA2 CA3 

Thy1-

mitoDen 

dra;4 

+ + + ± – ± – + + – – + – bright – – 

Thy1-

mitopa 

GFP;N877 

+ + + ± – + – + + + + + + bright + + 

Table 3.1 | Summary of expression patterns of the Thy1-mitopaGFP and Thy1-mitoDendra mouse lines using in this 

thesis. +: expression in most cells; subset (±): expression in < 80% of cells. AC: amacrine cells; BC: bipolar cells; CA: cornu 

ammonis; DG: dentate gyrus; DRG: dorsal root ganglion; GC: granule cells; L: cortical layer; MF: mossy fibers; MN: motor 

neurons; PC: Purkinje cells; RG: retinal ganglion cells (The characterization was partially adapted from Gailer, 2022, p. 36). 
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Two proteins from different classes were chosen to expand the variety for potential 

experimental designs: (1) the photoconvertible protein Dendra2, which can be switched from 

green to red fluorescence (Gurskaya et al., 2006), and (2) the photoactivateable protein paGFP, 

which is non-fluorescent in its native state and can be activated into green fluorescence 

(Patterson & Lippincott-Schwartz, 2002). From various founder lines, two bright and broadly 

expressing lines were retained and used for further experiments in this thesis (Table 3.1; Gailer, 

2022). The properties of these two lines (Thy1-mito-Dendra;4 and Thy1-mito-paGFP;N877) 

regarding the expression patterns, levels, and photoconversion will be outlined below. 

Thy1-mito-Dendra (line 4). In this line the cerebellar Purkinje and mossy fibers as well as a 

subset of cortical layers expressed the mito-Dendra construct brightly (Figure 3.2, a; Table 3.1). 

Most motor neurons (> 80%) also showed bright labeling (Figure 3.2, a,b; Table 3.1). In the 

triangularis sterni nerve-muscle explant, the maximum brightness of photoconversion was 

achieved with ~30 s of 290 µW UV light illumination (70-fold increase), while further exposure 

only bleached the protein (Figure 3.2, c). However, 3 s illumination already yielded a ~20-fold 

 

Figure 3.2 | Expression pattern and photoconversion properties in the Thy1-mito-Dendra transgenic mouse line. a, 

Expression of the mito-Dendra transgene throughout the nervous system (endogenous non-photoconverted Dendra flu-

orescence). Left to right: sagittal brain section, hippocampus, cerebral cortex, horizontal section of spinal cord and a 

dorsal root ganglion (DRG; modified from Gailer, 2022, p. 48). b, Widefield projections of motor axon terminals before and 

after photoconversion with 290 µW 405 nm illumination in the circled region for 3 s (from green to red fluorescence; acute 

nerve-muscle explant). c, Photoconversion (p.c.) efficiency with 405 nm light (290 µW; n = 10 NMJs, 2 Thy1-mito-Dendra 

mice). d, Distribution of Dendra-red/green ratio before and after p.c. (settings as in b; n = 30 mitochondria from the ex-

periments in d). Dashed line indicates the 4x standard deviation distance from the mean of the non-p.c. mitochondria 

population. c shows mean ± s.e.m. Scale bars in a (from left to right): 1 mm, 50 µm, 50 µm, 200 µm; in b  10 µm. The 

experiments in b–d were performed by the author. Figure and text were adapted from Marahori et al. (manuscript in 

preparation). 
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increase of Dendra-red (photoconverted) brightness, corresponding to a ~30-fold increase in 

Dendra-red/green ratio (Figure 3.2, c). Previously, a 30-fold (Lippincott-Schwartz & Patterson, 

2003) or 10-fold increase (Karbowski et al., 2004; Karbowski et al., 2014) in fluorescence after 

photoactivation had been suggested to yield a useful contrast for imaging. Indeed, 

photoconversion with 3s resulted in Dendra-red/green fluorescence intensities of 405-nm-

illuminated mitochondria that were more than 4 standard deviations away from the mean of non-

illuminated mitochondrial populations (Figure 3.2, d), so this low dose was further used in live 

imaging experiments to minimize potential phototoxicity (Twig et al., 2006). (Gailer, 2022)   

Thy1-mito-paGFP (line N877). In the CNS of these mice, all layers of the cortex and 

hippocampus, as well as the cerebellar Purkinje cells and mossy fibers, were labeled (Figure 

3.3, a; Table 3.1). Lower motor neurons showed bright and broad expression in the spinal cord 

and the neuromuscular junctions of the triangularis sterni muscle explant (Figure 3.3, a,b; Table 

3.1). As paGFP is non-fluorescent in its native state, the line was usually crossed with Thy1-mito-

RFP (Breckwoldt et al., 2014) for background labeling of mitochondria (Figure 3.3, b). With 

 

Figure 3.3 | Expression pattern and photoactivation properties in the Thy1-mito-paGFP transgenic mouse line. a, 

The mito-paGFP transgene is widely expressed throughout the central and peripheral nervous system (stained with anti-

GFP-antibody). Left to right: sagittal brain section, hippocampus, cerebral cortex, horizontal section of the spinal cord, 

and a dorsal root ganglion (DRG; modified from Gailer, 2022, p. 37). b, Confocal projections of motor axon terminals be-

fore and after photoactivation with 290 µW 405 nm light in the circled region for 30 s (acute nerve-muscle explant, Thy1-

mito-paGFP × Thy1-mito-RFP; postsynaptic acetylcholine receptors stained with α-bungarotoxin, blue), image taken by 

the author. c, Photoactivation (p.a.) efficiency with ascending doses of 290 µW 405 nm illumination (n = 12 NMJs from 4 

Thy1-mito-paGFP × Thy1-mito-RFP mice). d, Distribution of paGFP/RFP fluorescence intensity ratio before and after p.a. 

(settings as in b; n = 28 mitochondria from the experiments in c). Dashed line indicates the 4x standard deviation distance 

from the mean of the non-p.a. mitochondria population. c shows mean ± s.e.m. Scale bars in a (from left to right): 1 mm, 

50 µm, 50 µm, 200 µm; in b 10 µm. The experiments in c,d were re-analyzed by the author from a dataset by Barbara 

Gailer (Gailer, 2022). Figure and text were adapted from Marahori et al. (manuscript in preparation). 
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increasing UV illumination, the brightness of photoactivated mito-paGFP steadily increased 

(Figure 3.3, c) and ultimately reached an asymptotic value (Gailer, 2022), providing a maximal 

~50-fold increase in fluorescence (Figure 3.3, c). A ~30-fold increase in paGFP-fluorescence 

was achieved at 30s UV illumination (Figure 3.3, c), after which the paGFP/RFP ratios of the 

photoactivated mitochondria were more than 4 standard deviations apart from the mean of the 

non-photoactivated mitochondria (Figure 3.3, d). Concerning photoefficiency and -toxicity, the 

higher dose to reach ~30-fold contrast was considered a disadvantage for most live imaging 

experiments when compared to the Thy1-mito-Dendra line. (Gailer, 2022) 

Unlike mito-Dendra, the photoactivated mito-paGFP was fixable with paraformaldehyde (and 

glutaraldehyde for 1 hour; Figure 3.4, d), making the Thy1-mito-paGFP line more useful for 

correlative histology and electron microscopy. Furthermore, paGFP is activatable by two-photon 

illumination (Das et al., 2012), which allowed targeting axonal mitochondria with precision on the 

single-organelle level (Figure 3.5, d). 

 

Figure 3.4 | Fixability of photoactivated mito-paGFP. Neuromuscular junction in a triangularis sterni muscle from a 

Thy1-mito-paGFP × Thy1-mito-RFP mouse (red: mito-RFP, green: photoactivated mito-paGFP). Left image: Live confocal 

projection before photoactivation (acute nerve-muscle explant). Center image: Live confocal projection after photoacti-

vation. Right image: Confocal projection of the re-localized NMJ after fixation (2% PFA, 2% GA for 1 hour). Experiment 

was performed by the author together with Tatjana Kleele. 
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Figure 3.5 | Photoactivation of paGFP with a 2-

Photon-laser. Neuromuscular junction in a nerve-

muscle explant from a Thy1-mito-paGFP (green) × 

Thy1-mito-RFP (red) mouse (top left image). The mi-

tochondria labeled by numbers were targeted for 

photoactivation by a two-photon laser that was 

placed in the areas indicated by dotted circles (sur-

rounding images show magnified views of the ar-

eas). Scale bars: large image 10 µm, surrounding im-

ages 1 µm. The experiment was performed by the 

author. 

3.2. Resolving mitochondrial shape  

As described in section 1.2.1, mitochondria form networks of varying degrees, shapes, and 

sizes. The morphology of mitochondria can yield valuable information about their functional 

status. Unlike in the somatodendritic area, axonal mitochondria usually do not form networks and 

are described as short, with enrichment at the presynaptic sites. However, most of the reviewed 

studies have been performed in CNS neurons or cell cultures, while the architecture of 

mitochondria in α-motor axons and their synapses has not yet been explored in detail.  

Fine structural elements of mitochondria, like the outer membrane and its continuity into 

networks, can be discerned using electron microscopy (EM; Palade, 1952). The tissue slices for 

EM are typically smaller than the diameter of most mitochondria so that a single section only 

shows cross-sections (of unknown orientation) and not the entire organelle in its continuity. 

Figure 3.6 illustrates this, where presynaptic mitochondria were imaged in consecutive tissue 

sections: some slices show the mitochondrion throughout its entire length, while in other slices, 

the mitochondrion was only cut partially and falsely appears as two shorter objects. This suggests 

that a volume EM technique would be ideal to adequately discern mitochondrial shapes and 

features like network connectivity.  
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Figure 3.6 | Electron mi-

crographs taken from 

serial ultrathin sec-

tions. Images from top to 

bottom show electron 

microscopy slices at vari-

ous depths (z) in the 

stack. Two mitochondria 

(pseudo-colored orange 

in a, blue in b) in a neuro-

muscular junction of the 

triangularis sterni muscle 

were followed through 

the stack. Scale bars: 500 

nm. Experiment was per-

formed by the author to-

gether with Martina 

Schifferer. 

Using a serial sectioning approach (ATUM; Kasthuri et al., 2015), volume electron microscopy 

stacks of adult neuromuscular junctions were acquired in the murine triangularis sterni muscle, 

and hundreds of presynaptic mitochondria were manually reconstructed (example in Figure 3.7, 

a,b, see Materials and Methods). The reconstructed NMJ branch in Figure 3.7, a,b shows a 

vast majority (90%) of the mitochondria being discrete and “stick”-shaped (200–3000 nm long), 

with the remaining mitochondria branching only into very basic bifurcated or trifurcated structures. 

As described for other types of axons, no extensive mitochondrial networks were found in α-

motor axons (5 partial NMJs stacks from 4 mice). The sizes of the mitochondria were relatively 

uniformly distributed (fitted inverse Gaussian; Figure 3.7, c) and, surprisingly, very similar when 

the presynaptic site was compared to the myelinated axon branch (NMJ 0.03 ± 0.02 µm³ vs. Axon 

0.03 ± 0.02 µm³, p ≥ 0.05, Mann-Whitney-test, mean ± s.e.m.; Figure 3.7, c).  

Importantly, the experiments revealed how densely mitochondria are packed in the presynaptic 

junction: the distance between organelles could be just 4 nm (Figure 3.8, a), which is well below 

the diffraction limit of light. In the myelinated axon branch, however, mitochondria were more 

loosely arranged, which means that light microscopy could discern mitochondria with more 

confidence in this region (Airyscan, superresolution technique; Figure 3.8, a). The 

measurements of mitochondrial volume in the myelinated axon were comparable between 

Airyscan and EM (incl. 20–30% shrinkage through chemical fixation, communication by M. 

Schifferer; see Figure 3.8, b), suggesting that provided enough distance lies between the 

organelles (or a sparse label is employed), superresolution light microscopy can also be used to 

adequately quantify mitochondrial shapes in motor axons. 
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Figure 3.7 | Morphology of presynaptic mitochondria. a, Top: Reconstruction of an NMJ branch (violet) and its mito-

chondrial population (green) from an electron microscopic image stack, taken in the triangularis sterni muscle of a 

mouse. Middle: 90° Rotated view of the reconstruction. Bottom: Slice of the electron microscopy stack located at the 

indicated position; reconstructed mitochondria outlined in green, neuronal membrane in violet. b, All mitochondria re-

constructions from a shown individually, sorted by size of the mitochondria. Left group: discrete (non-branched) orga-

nelles (orange: reconstruction of the mitochondrion in Figure 3.6, a), right group: branched organelles (blue: reconstruc-

tion of the mitochondrion in Figure 3.6, b). c, Distributions of mitochondrial volumes in the presynaptic terminal (right 

plot) and the adjacent myelinated axon branch, dotted line shows a fitted inverse Gaussian curve (left plot; n = 345 mito-

chondria in NMJ vs. n = 203 mitochondria in myelinated axon from 2 axon terminals, 1 mouse). Scale bars: a,b 1 µm. 

Experiments and analysis were performed by the author together with Martina Schifferer. 

Unlike high-resolution techniques such as EM and Airyscan, conventional widefield microscopy 

cannot directly resolve 3-dimensional shapes of mitochondria because of its low depth (z) 

resolution. Previous investigations in the lab have taken advantage of the higher resolution in the 

xy-plane to measure the length and width of a mitochondrion, then—based on the assumption of 

a cylindrical or ellipsoidal shape—infer the mitochondrion’s volume (see Materials and Methods; 

Plucinska et al., 2012). As this study did not corroborate the validity of this assumption, a 

correlative experiment was designed to compare the mitochondrial volume measurements from 

widefield with Airyscan images. Airyscan microscopy, with its resolution of up to 90 nm in the xy-

plane, can resolve fine details of mitochondrial morphology (Kondadi et al., 2020), and would 

therefore allow one to discern shape variations in the width dimension (typical mitochondrial 

diameters are close to the resolution limit of conventional light microscopy; Figure 3.9, c,g). 

When assuming a cylindrical or ellipsoid shape, imprecisions in width would have a particular 

impact on the result since mitochondrial volume scales exponentially with width but only linearly 

with length (see Materials and Methods). In the fixation-resilient mouse line Thy1-mito-paGFP 

×  Thy1-mito-RFP,  an   optical   pulse-chase   widefield   experiment   was   performed   to   label  
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Figure 3.8 | Comparison of Airyscan microscopy with electron microscopy. a, Electron microscopy images (top row) 

and Airyscan images (bottom row; green: Thy1-mito-XFP, magenta: acetylcholine receptors) of mitochondria in the pre-

synaptic terminal (right images) and in the adjacent myelinated terminal axon branch (left images) in triangularis sterni 

muscles. b, Quantification of mitochondrial volume in presynaptic terminal (NMJ) and myelinated axon from electron 

microscopy stacks (dark gray) and in axon from Airyscan stacks (green plot). “Corr(ected)”: Light gray side of the plots 

shows the quantification in EM after accounting for assumed tissue shrinkage (30%). EM-data: same dataset as in Figure 

3.7 (replotted). Airyscan data: n = 88 mitochondria from 10 axons, 5 Thy1-mito-XFP mice. p ≥ 0.05 (between Airyscan and 

corrected EM results); one-way ANOVA test with Kruskal-Wallis multiple comparison test. Scale bars in a 500 nm. EM ex-

periments were performed by the author together with Martina Schifferer, and all analysis and Airyscan microscopy were 

performed by the author. 

anterogradely and retrogradely traveling mitochondria (Marinkovic et al., 2012) for re-

identification on an Airyscan setup after fixation of the sample (experiment was performed in the 

large ‘stem’ intercostal nerve axons; see Figure 3.9 for experimental setup). The correlated 

measurements proved mitochondrial size to be indistinguishable between Airyscan and widefield 

microscopy (based on an ellipsoidal approximation; Figure 3.9, b–i; Anterograde—Widefield 

0.17 ± 0.02 µm³ vs. Airyscan 0.14 ± 0.02 µm³, p ≥ 0.05, Mann-Whitney-U test; Retrograde—

Widefield 0.14 ± 0.02 µm³ vs. Airyscan 0.13 ± 0.01 µm³, p ≥ 0.05, Mann-Whitney-U test; mean ± 

s.e.m., n ≥ 15 axons from ≥ 3 mice). Overall, these results corroborate the validity of estimating 

mitochondrial volume from widefield time-lapse images (based on an ellipsoidal approximation). 
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Figure 3.9 | Superresolution volume measure-

ments of mitochondria undergoing axonal 

transport. a, Experimental setup: Axonal mito-

chondria marked with both (non-fluorescent) 

paGFP and (fluorescent, red) RFP were illumi-

nated with UV (405 nm) light in a 200-µm-stretch 

of intercostal nerve, thus photoactivating paGFP 

(green) and marking the mitochondria for later 

observation (acute nerve-muscle explants of 

Thy1-mito-paGFP × Thy1-mito-RFP mice). 30 min 

after photoactivation (p.a.), single green-fluores-

cent mitochondria that underwent axonal 

transport were identified in regions adjacent to 

the photoactivation site (b,c). After fixation, the 

displaced mitochondria were re-localized and 

imaged with Airy Scan microscopy (f,g). b, Wide-

field live image adjacent to the photoactivation 

site (outlined by the dashed box in a). c, Individ-

ual photoactivated mitochondrion (position 

marked by the box in b). d, Pixel intensity profile 

of the mitochondrion shown in c (across the pix-

els indicated by the line in c; green: pa-GFP chan-

nel, red: RFP channel). Arrows show the width of 

the paGFP-intensity plot at half of its amplitude. 

e, Mitochondrial volume of photoactivated mito-

chondria that were transported in anterograde 

and retrograde directions, measured in widefield 

images (n ≥ 15 axons, ≥ 4 mice). f, Overview of the 

region shown in b after sample fixation and re-lo-

cation at the Airyscan setup. g, Airyscan image of 

the photoactivated mitochondrion shown in c; 

position of image outlined by box in f. h, Intensity 

profile of pixels along the line shown in g. Colors 

and symbols as in d. i, Mitochondrial volume of 

photoactivated mitochondria that moved in an-

terograde and retrograde directions measured in 

Airyscan image stacks (for calculation, see Mate-

rials and Methods; n ≥ 18 axons, ≥ 3 mice).  Scale 

bars in b,f 5 µm, in c,g 500 nm. Box plots: median, 

quartile 1–quartile 3, whiskers 95th percentiles. 

Unpaired t-test was used to determine signifi-

cance in e and Mann-Whitney test in i: n.s.: non-

significant, p ≥ 0.05). The author performed all ex-

periments. Figure and text were adapted from 

Marahori et al. (manuscript in preparation). 
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3.3. Anterograde delivery of mitochondria to synapses 

3.3.1. Mitochondrial turnover rate in synapses  

Neurons are thought to perform most mitochondrial biogenesis in the soma, having developed 

anterograde axonal transport to supply their periphery with “new” mitochondria (Chang & 

Reynolds, 2006; Hollenbeck, 1996). However, the extent to which anterograde transport takes 

over mitochondrial “turnover” instead of local biogenesis is unknown. Previous reports have 

quantified axonal transport in adult animals in vivo and acute intercostal nerve-muscle explants, 

showing that ~5 mitochondria pass through an axonal cross-section per minute in anterograde 

direction (Figure 3.16; Misgeld et al., 2007). These transport rates decline in a proximal-to-distal 

manner as the stream of mitochondrial cargo divides proportionally at each axon branch point 

(Misgeld et al., 2007; see also Figure 3.16). For example, in terminal axon branches that supply 

neuromuscular junctions, only ~4 mitochondria move anterogradely per hour (Figure 3.16). This 

number suggests that the majority of anterograde mitochondrial transport in stem axons is 

targeted to the NMJs, given that a small motor unit as characteristic of the triangularis sterni 

muscle forms around 50 NMJs (Keller-Peck et al., 2001; Lu & Trussell, 2007). The mitochondrial 

pool of a neuromuscular junction contains ~300–500 mitochondria (counts measured in EM, 

Section 3.2), which, given an hourly entry of 4 mitochondria, would exchange the entire synaptic 

pool within 3 to 5 days. This is calculated under the assumption that new presynaptic 

mitochondria mostly originate from anterograde transport from the soma and not from local 

biogenesis. To test this, a “pulse-chase” experiment was performed by photoconverting 

presynaptic and axonal mitochondria in sternomastoid muscles of Thy1-mito-Dendra andThy1-

mito-Kaede mice, then tracking the fluorescent signal in vivo (by M. Lakadamyali; Figure 3.10). 

The photoconverted mito-Dendra signal remained highly stable and did not turn over for several 

days (Figure 3.10, a,b). The signal decayed over time and became hard to detect after 96 hours 

post-photoactivation (Figure 3.10). Together, the pulse-chase and the axonal transport data 

suggest that the majority of “new” mitochondrial material is delivered to NMJs from the soma (see 

also Discussion). 
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Figure 3.10 | Long-term monitoring of synaptic mitochondrial turnover in vivo. a, Confocal projections of an NMJ 

with mito-Dendra-labelled mitochondria (green, right column), which were identified in vivo in the surgically exposed 

sternomastoid muscle by the presence of acetylcholine receptors (violet). A small region of interest (red square) within 

the NMJ was illuminated with 405 nm laser light to induce photoconversion to red fluorescence (red, center column). 

Inset in the top left shows the NMJ before photoconversion. Imaging the same NMJ 24 hours later showed the presence 

of red mitochondria within the photo-converted region (lower row). b, Time-course of red and green fluorescence inten-

sity of Kaede and Dendra in photoconverted synaptic territories. Intensities were measured from images obtained by 

repetitively recording NMJs using the same imaging parameters (n = 28 NMJs in Thy1-mito-Kaede and n = 9 NMJs in Thy1-

mito-Dendra mice). The measurements were normalized to the intensities of a control NMJ that had not been photocon-

verted. Scale bar is 10 µm. Experiments were performed by Dr. Melike Lakadamyali in the lab of J. Lichtman, Harvard 

University, USA. 

3.3.2. Destination of anterograde transport 

Mitochondria are typically enriched in presynaptic terminals, but the mechanism that drives this 

enrichment in vivo has not been investigated. Specific delivery to synaptic sites via anterograde 

transport, as suggested in the chapter before, is one possibility, with different mechanisms having 

been described in cell cultures, such as Ca2+- or AMPK-driven anchoring of moving mitochondria 

at synaptic sites. Such (1) “targeted” mitochondrial delivery would require that mitochondria, in 

order to arrive at the synapses in the tips of the axonal tree, bypass many cm–m of the main 

axon trunk without stopping; this model would stand in contrast with other models, like (2) random 

likelihoods of stopping in any area of the axon or (3) a “slow wave” model, where mitochondria 

only slowly shift and push forward to fill up the axon (Ferree et al., 2013), similar to the sap of a 

tree. 
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Figure 3.11 | In vivo pulse-chase experiment of mitochondrial transport in the triangularis sterni muscle in Thy1-

mito-Dendra mice. a, Schematic of a motor neuron indicating experimental setup and positions of the imaging areas. b, 

Photoconversion of a stretch in the intercostal nerve after surgical exposure of the nerve and photoconversion with a 20× 

water objective for 1 min. The surgical site was closed after photoconversion, and images of the intercostal nerve were 

acquired  4–8h after photoconversion in acute nerve-muscle explants. Left: widefield overview of the intercostal nerve. 

Right: widefield image of axons positioned in anterograde direction from the photoconversion site (boxed area indicates 

the area from which the image was taken), showing photoconverted anterogradely moving mitochondria. c, Widefield 

projections from neuromuscular junctions indicating photoconverted mitochondria by arrows. Scale bars in b 100 µm 

(left) and 10 µm (right), in c 10 µm. Experiments were performed by the author together with Dr. Tatjana Kleele. 

To test whether anterogradely moving mitochondria traverse the intercostal nerve in a 

“straightforward” manner, stretches of intercostal nerve were photoconverted in Thy1-mito-

Dendra mice. Assuming a peak velocity of mitochondria of ~1 µm/s (Misgeld et al., 2007), 

mitochondria could arrive at the neuromuscular junctions at the axon tips earliest 3–6 h after 

photoconversion (the stem axon imaging site is ~1-2cm away from the NMJs). As this timespan 

surpasses the lifetime of the nerve-muscle explant, the photoconversion was performed in vivo 

after surgical exposure of the intercostal nerve (see Materials and Methods), and then the 

explant was prepared for imaging between 4–8h after photoconversion. In a preliminary dataset 

of this experiment, single photoconverted mitochondria were indeed readily observed in 

neuromuscular junctions at this point in time (Figure 3.11), suggesting that these mitochondria 
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had directly moved to this location without any detours or longer stops on their way. A similar 

experiment was conducted using an alternative approach: Using a Cre-driven system (ROSA-

mito-GFP mice), the expression of a mitochondrial matrix GFP was induced in the motor neuron 

somata via injection of an AAV9-iCre virus into neonatal mice (the ‘pulse’). The appearance of 

mito-GFP was then monitored over time (‘chase’) in different compartments of the neuron: 

somata, stem axons, and neuromuscular junctions. In this exploratory experiment, GFP-

containing mitochondria were initially observed most densely at the synaptic junctions (Figure 

3.12, 5 dpi), while over time, both axon and junction slowly increased their density of GFP-

expressing mitochondria. This experiment suggests that indeed, mitochondria are transported in 

a “straightforward” manner towards junctions. However, this experiment would need to be 

repeated in mice with a background labeling of all mitochondria (e.g., Thy1-mito-RFP) to fully 

appreciate the proportion of mitochondrial delivery. 

 

Figure 3.12 | In vivo pulse-chase experiment of mitochondrial transport in the triangularis sterni muscle in ROSA-

mito-GFP mice injected with an AAV9-iCre virus. a, Schematic of a motor neuron indicating experimental setup and po-

sitions of the imaging areas. b, Confocal projections of neuromuscular junctions at different days post injections (dpi). 

Axons are labeled with a βIII-tubulin-antibody (grey), anti-GFP-antibody (green), and, on the right side, with bungarotoxin 

(magenta). Scale bar in b 10 µm for all images. Experiments were performed by the author. 

3.3.3. Modes of mitochondrial delivery  

Different mechanisms have been suggested to explain how mitochondrial delivery to specific 

axonal sites is regulated on a global scale inside the cell (Section 1.5.2). According to the 

“running-sushi-belt” model, mitochondria profusely circulate throughout the axon to be picked up 

locally by synaptic sites that need them (Wong et al., 2012). The mitochondria that were not 
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needed anywhere will make a turn at the axon end to continue scouting in the opposite direction 

(Wong et al., 2012). An alternative model, however, suggests that axons already “know” the 

actual demand of downstream located axonal sites and are able to “match” the anterograde 

transport rate precisely to this need, thereby avoiding any (energy-wasting) redundancy in 

mitochondrial transport.  

The following experiment was designed to test which model best describes the mode of 

mitochondrial delivery to neuromuscular junctions, as this has not yet been explored in vivo. 

Using the transgenic mouse line Thy1-mito-Dendra, neuromuscular junctions (NMJs) were 

located in acute nerve-muscle explants on a widefield setup; then suitable NMJs were selected 

for time-lapse imaging of mitochondrial transport in the synaptic entry point and terminal axon 

branch (see Materials and Methods). The term ‘synaptic entry point’ describes the region where 

the terminal motor axon branch loses its myelin sheath to transition into the synaptic territory. 

Just prior to the start of the movie, the mitochondria on both sides of the entry point were marked 

by different labels: all mitochondria that resided in the synaptic territory were labeled by 

photoconversion to exhibit red fluorescence, while all other axonal mitochondria were left in their 

non-photoconverted (green) state (Figure 3.13, a–c). Thus, it could be easily determined 

whether anterogradely moving mitochondria (coming from the axon, they would appear green) 

ever made a “U-turn” inside the junction to continue scouting the axon in retrograde direction, as 

would be predicted by the ‘running-sushi-belt’ model (Figure 3.13, a). Alternatively, the ‘matched 

delivery’ model (“à la carte”) would predict that no anterogradely moving (green) mitochondria 

turned around, which means that all retrogradely moving mitochondria would rather have red 

fluorescence (Figure 3.13, a).  

During time-lapse imaging over a total of ~32 hours (‘axon imaging hours’), the vast majority of 

retrograde transport was indeed photoconverted (97% of 98 retrogradely moving mitochondria, 

Figure 3.13, d–f). However, in this experiment, each junction was only imaged for up to 2 hours 

after photoconversion, as fluorescence bleaching would prevent further imaging. To exclude that 

mitochondria simply took a longer time to turn around in the synapse, the experiment was 

repeated, but with transport imaging starting at 2 hours after the photoconversion was initially 

performed until the lifetime of the explant preparation was reached (approximately 4 hours).  
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During a total of ~20 axon imaging hours of this modified experiment, most anterogradely 

moving mitochondria were still retained in the junction, with ~95% of retrogradely transported 

 

Figure 3.13 | Mitochondrial delivery is matched to the “need” of the presynaptic terminal. a, Experimental setup: 

presynaptic mitochondria were photoconverted from green to red fluorescence to distinguish between two models of 

mitochondrial delivery. Left: Conveyor belt (or “running sushi belt”) model predicts non-photoconverted mitochondria 

returning from the junction in retrograde direction, contrary to the “matched delivery” model (right), which predicts that 

“new” mitochondria which enter the junction anterogradely do not immediately turn around, rather, retrograde mito-

chondrial flux consists of “old” (thus photoconverted) mitochondria. b,c Widefield projections of neuromuscular junc-

tions in a triangularis sterni muscle live explant of a Thy1-mito-Dendra mouse, before (b) and after (c) illumination of the 

synaptic mitochondria with 405 nm light. d, Mitochondrial transport was time-lapse imaged in the area indicated by a 

box in c. White arrows show a photoconverted mitochondrion at different time points, as it moves retrogradely from the 

junction towards the axon. e,f Mitochondrial transport in anterograde and retrograde direction, with color-code showing 

whether the moving mitochondria were photoconverted (orange) or non-photoconverted (green; n = 24 axons, from 23  

Thy1-mito-Dendra mice): e, Average mitochondrial transport rates and f, transported mitochondria from all experiments 

listed individually (as “ticks” in  either anterograde and retrograde direction), sorted by the time of event occurrence 

(time after photoconversion; n = 159 anterogradely and n = 98 retrogradely moving mitochondria). Scale bars: 5 µm in b,c 

and 1 µm in d. All experiments were performed by the author. 
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mitochondria being photoconverted (nant = 78 and nret = 37 mitochondria, from 10 axons in 7 

Thy1-mito-Dendra mice).  

Potential damage to mitochondria by UV phototoxicity (Twig et al., 2006) could be a 

confounding factor, even though care was taken to use the lowest possible dose of UV light for 

photoconversion (see Section 3.1). To exclude that photodamage to the synapse affected the 

results, an “inverse” experiment was designed, where a portion of the axon that supplies 

anterogradely moving mitochondria to a junction was targeted by UV light (Figure 3.14, a,b). In 

this experiment, time-lapse imaging at the synapse showed that no photoconverted mitochondria 

that moved anterogradely towards the synapse returned; instead, all retrograde transport was 

non-photoconverted (n = 60 retrogradely moving mitochondria, 26 ‘axon imaging hours’; Figure 

3.14, c–e). Thus, any effects of putative phototoxicity on the mode of mitochondrial delivery to 

junctions were excluded. 

 

Figure 3.14 | Mitochondrial delivery being matched to the “need” of the presynaptic terminal is not an artifact of 

photoconversion-induced toxicity. a, Experimental setup: mitochondria in the axon supplying a neuromuscular junc-

tion were photoconverted from green to red fluorescence to “catch” anterogradely moving mitochondria. Thus, a similar 

experiment could be performed as in Figure 3.13, but without exposing the synapse to potentially toxic UV light. Left: 

Here, the conveyor belt (or “running sushi belt”) model predicts that photoconverted mitochondria can return retro-

gradely, whereas the “matched delivery” model (right) predicts that only non-photoconverted mitochondria leave the 

junction. b, Widefield image of neuromuscular junctions in a triangularis sterni muscle live explant of a Thy1-mito-Dendra 

mouse, after illumination of the supplying axon bundle with 405 nm light. c, Mitochondrial transport was time-lapse im-

aged in the area indicated by a box in b. White arrows show a non-photoconverted (top row) and a photoconverted (bot-

tom row) mitochondrion at different time points as they move in retrograde and anterograde direction. d,e Mitochondrial 

transport in anterograde and retrograde direction, color-code showing whether the moving mitochondria were photo-

converted (orange) or non-photoconverted (green; n = 13 axons, from 10 Thy1-mito-Dendra mice): d, Average mitochon-

drial transport rates and e, transported mitochondria from all experiments listed individually (as “ticks” in either antero-

grade and retrograde direction), sorted by the time of event occurrence (time after photoconversion; n = 112 antero-

gradely and n = 60 retrogradely moving mitochondria). Only a subset of the anterogradely moving mitochondria were 

photoconverted (n = 69) since only a limited portion (~1000 µm)  of the entire axon was targeted for photoconversion. 

Scale bars: 10 µm in b and 1 µm in c. The author performed all experiments. 
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To summarize, these results show that most mitochondria that are transported to 

neuromuscular junctions are retained there for up to 4 hours (the duration of the observation), 

thereby refuting the ‘running sushi belt’ model in favor of a ‘matched delivery’ model for motor 

neurons. Furthermore, the results suggest a distinct purpose and identity of retrogradely moving 

mitochondria, as this population originates from an older population of resident synaptic 

mitochondria. 

3.3.4. Mitochondrial fusions in synapses  

Studies that had been performed in vitro on mitochondrial transport showed that transported 

mitochondria are anchored at synapses in a Ca2+-dependent manner to support 

neurotransmission (Chen & Sheng, 2013). To investigate how anchoring occurred in vivo, 

anterogradely moving mitochondria were followed by time-lapse imaging in neuromuscular 

junctions of Thy1-mito-Dendra mice. Similar to the experimental setup in Figure 3.14, 

anterogradely moving mitochondria were labeled by photoconverting a portion of the axon that 

supplied the junction of interest. Upon entering a junction from the axon, the photoconverted 

mitochondria were randomly distributed throughout the junction and eventually halted for a 

protracted time upon reaching their final positions, potentially suggesting some form of anchoring 

or capturing mechanism similar to the one that has been described in cell cultures.  

Surprisingly, anterogradely moving mitochondria showed a unique behavior that was otherwise 

very atypical for stationary synaptic and axonal mitochondria: within 15 minutes of having entered 

the junction, half of the followed mitochondria had fused into the stationary synaptic pool (Figure 

3.15). Upon complete fusion between a photoconverted and a non-photoconverted 

mitochondrion, the process becomes visible due to the diffusion of the two colors after matrix 

content intermixing (Figure 3.15). In a control performed with stationary mitochondria, fusions 

were rare: using a two-photon laser, individual stationary mitochondria were photoactivated in 

the densely populated synaptic junction (Thy1-mito-paGFP × Thy1-mito-RFP line), with only 1 of 

30 studied mitochondria fusing with another stationary mitochondrion within the observation time 

(Figure 3.15, d; Figure 3.5). Interestingly, in a similar experiment performed in terminal Schwann 

cells, which cover NMJs, mitochondria were regularly observed to show fuse with each other 

(mitochondrial half-life was 15 minutes). These results argue that mitochondrial fusion is a highly 

regulated process in motor neurons that is only available to some mitochondria but not others. 

Interestingly, stationary mitochondria were not incapable of fusion, as this process was possible 

when they were confronted with a mitochondrion that had newly entered the junction. Further 

work will need to establish the purpose and the mechanisms of the observed selective fusions, 

as well as determine if the control over this mechanism affects synaptic function (see 

Discussion). 
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Figure 3.15 | Photoconverted antero-

gradely moving mitochondria fuse into 

the synaptic pool shortly after entering 

the neuromuscular junction. a, Wide-

field projection of a neuromuscular junc-

tion that has been photoconverted (p.c.) 

upstream in its supplying axon (not 

shown, see Figure 3.14 for p.c. setup; 

acute nerve muscle explants from Thy1-

mito-Dendra mice). Schematic: p.c. ante-

rogradely moving mitochondria enter the 

synaptic junction, upon which a fusion 

with non-p.c. resident mitochondria 

would be visible as a merging of the two 

colors. b, Time-lapse of the area indicated 

in the box in a. A p.c. anterogradely mov-

ing mitochondrion (orange arrow) has 

stopped in the junction (1st and 2nd im-

ages), and after a few minutes, it fused 

with a synaptic mitochondrion (green 

then yellow arrows). c, Pixel intensity 

plots of the two mitochondria shown in b 

during the time-lapse. The dissipation of 

the p.c. occurred suddenly, as would be 

expected of fusion, not gradually, as 

would be expected of bleaching. d, Quan-

tification of mitochondrial “life lives” (sur-

vival plots): Orange plot shows the pro-

portion of individually remaining p.c. mi-

tochondria that had entered the NMJ by 

anterograde transport (time shown after 

entering the NMJ; 20 mitochondria in 

Thy1-mito-Dendra mice). Green plot: Pro-

portion of stationary synaptic mitochon-

dria that had remained individually (i.e., 

unfused; time shown after photoactiva-

tion; Two-photon laser activation of n = 28 

single mitochondria in Thy1-mito-paGFP 

× Thy1-mito-RFP mice (see Figure 3.5 for 

experimental setup). Black curve: Propor-

tion of individually remaining (unfused) 

Schwann cell mitochondria (time shown 

after p.c.; n = 31 mitochondria in Plp-Cre × 

ROSA-mito-Dendra mice). Upticks: indi-

cate when follow-up of a mitochondrion 

ended earlier, e.g., due to the end of ob-

servation time. Shown is mean ± s.e.m. 

Scale bars: 10 µm in a and 1 µm in b. The 

author performed all experiments. 
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3.4. Mitochondrial degradation in synaptic terminals 

3.4.1. Synaptic mitochondria are partly removed by retrograde transport 

Neurons are thought to perform most lysosomal degradation in the soma, with old mitochondria 

being “removed” from the periphery by retrograde transport along the axon (Chang & Reynolds, 

2006; Griffin & Watson, 1988; Hollenbeck, 1996; Sheng, 2014; Sheng & Cai, 2012). Previous 

reports have quantified, however, that fewer mitochondria are returning retrogradely toward the 

soma than are transported anterogradely in adult animals in vivo, and this phenomenon is  

observed in multiple species and neuronal subpopulations (Chen et al., 2016; Misgeld et al., 

2007; Misgeld & Schwarz, 2017; Xu et al., 2017). In acute intercostal nerve-muscle explants, 

only ~3 mitochondria per minute move in retrograde direction (compared to ~5/min 

anterogradely; Figure 3.16, b), and only ~2/h in terminal axon branches at the NMJs (compared 

to ~4/h anterogradely; Figure 3.16, c; Misgeld et al., 2007). Despite this surplus of anterograde 

transport, mice typically maintain a stable mitochondrial volume in mature neuromuscular 

junctions (NMJs, ≥ 6 weeks; Marinkovic et al., 2012). This suggests that mitochondria are 

degraded in the axonal periphery, although the actual mechanism of this degradation remains 

unknown. An alternative explanation might be that anterogradely moving mitochondria are simply 

smaller than retrogradely moving ones. Previous reports did not include a size correction for 

mitochondria (Misgeld & Schwarz, 2017), so that mitochondrial size was now measured in 

widefield microscopy movies (see Materials and Methods; Figure 3.9, Figure 3.16, d,e). 

Indeed, retrogradely moving mitochondria were not larger than anterogradely moving ones (if 

anything, at the NMJ, the retrogradely moving ones were actually smaller, Figure 3.9, Figure 

3.16, d,e). The calculated mitochondrial volume (see Section 3.2 and Materials and Methods) 

was combined with the measurements of mitochondrial transport (Figure 3.16, b,c) to generate 

a “mitochondrial volume flux” value (Figure 3.16, f,g). Mitochondrial volume flux was recorded in 

the proximal stem of the axon, within the intercostal nerve (ICN) before peripheral branches 

diverge off and in the most distal terminal branches, where axons enter the presynaptic terminal 

(Figure 3.16, a–c). Indeed, on average, significantly more mitochondrial volume was transported 

anterogradely than retrogradely in stem axons, but the most dramatic difference was found in 

terminal branches close to the synaptic junctions (Figure 3.16, f,g; ICN 1.9-fold vs. NMJ 3.4-fold 

difference from averaged transport rates, 2.2 and 29 total ‘axon imaging hours’, respectively). In 

summary, those results suggest that in the axonal periphery, retrograde transport towards the 

soma does not account for the entire removal of mitochondria; instead, mitochondrial turnover 

may be complemented by a yet unknown degradative mechanism. 
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Figure 3.16 | Most mito-

chondria delivered to distal 

motor axon branches van-

ish in synapses. a, Sche-

matic illustrating the geome-

try of mature α-motor neu-

ron projections. Brackets 

show live imaging positions 

in acute intercostal nerve-

muscle explants, where 

measurements b–g were 

taken (NMJ: neuromuscular 

junction). Measurements of 

anterogradely (‘Ant’) and ret-

rogradely (‘Ret’) transported 

mitochondria in b,d,f, stem 

axons (29 axons from 14 

Thy1-mito-XFP transgenic 

mice; ‘XFP’ were various fluo-

rescent tags, see Methods) 

and in c,e,g, distal axon 

branches with synaptic ter-

minals (25 axons, 16 Thy1-

mito-XFP mice). Measure-

ments in b,c of mitochondrial 

transport rates, in d,e of mi-

tochondrial size (length and 

width as indicated), and in f,g 

mitochondrial volume flux 

rates. Statistical significance 

was determined in b,c,f,g 

with a Mann-Whitney-U test 

and in d,e with an unpaired t-

test. Experiments were per-

formed by the author. Figure 

was adapted from Marahori 

et al. (manuscript in prepara-

tion). 

3.4.2. Synaptic mitochondria are captured before exiting the NMJ 

The apparent “overflow” of mitochondria already occurred at the most distal sites—right before 

the terminal branches enter the NMJs—, which suggests that mitochondria were degraded 

somewhere within the confines of the NMJs. To discern single moving mitochondria against the 

dense pool of synaptic mitochondria, a pulse-chase experiment was designed: about half of the 

synaptic mitochondrial pool was photoconverted from green to red fluorescence in nerve-muscle 

explants of Thy1-mito-Dendra mice (Figure 3.17, a), then individual photoconverted 

mitochondria were followed by time-lapse imaging as they dispatched from the stationary 

synaptic pool and initiated retrograde movement. These retrogradely moving mitochondria were 

then tracked and the track coordinates were mapped to anatomical landmarks after fixation of 

the sample (see Figure 3.17, a,b). Interestingly, most mitochondria behaved in two distinct  
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Figure 3.17 | Retrogradely moving 

mitochondria are captured in termi-

nal axon branches. a, Top: Widefield 

projection of motor axon terminal with 

Dendra-tagged mitochondria that were 

photoconverted (p.c.) from green to 

red fluorescence (Thy1-mito-Dendra 

mouse line). Bottom: Confocal projec-

tion of a post hoc staining of the same 

junction with marked acetylcholine re-

ceptors (α-bungarotoxin, magenta), 

nodes of Ranvier (paranodal compo-

nents, anti-Caspr-antibody, yellow), 

and neuronal microtubules (βIII-tubu-

lin-antibody, gray). b, Left: Schematic 

showing the experimental setup (p.c. 

presynaptic mitochondria that started 

retrograde movement were followed 

on the non-p.c. background). Right: 

Trackings of two p.c. mitochondria. 

Star: start of the tracks; dark orange: 

mitochondrion stop permanently 

(‘captured’) in synaptic exit point (gray 

area), light orange: continued into axon 

(‘pass’). c, All registered pauses of the 

retrogradely moving p.c. mitochondria 

that were tracked in through the synap-

tic exit point (n = 425 stops; from exper-

iments in e) sorted underneath one an-

other from longest to shortest pause. 

‘Persistent’ pauses (oranges) were ei-

ther observed until the end of the 

movie or until the fluorescent signal 

slowly disappeared, whereas after 

‘transient’ pauses, mitochondria re-

sumed movement  (see Materials and 

Methods). d, Graph indicating the 

probability that p.c. mitochondria stop 

permanently while traversing through 

different axon regions: internodes, par-

anodes/heminode, and NMJ (for bin-

ning, see Materials and Methods). Mi-

tochondria from various locations and 

directions were tracked (indicated in 

schematics):   right   plot,   retrogradely 

moving synaptic mitochondria; left plots: mitochondria moving anterogradely or retrogradely through the preterminal 

‘full’ nodes. Pie charts: proportion of tracks that ended in ‘capture’ (%, dark orange). (n ≥ 19 mitochondria from ≥ 4 axons, 

≥ 3 Thy1-mito-Dendra mice per group for ‘full’ nodes; n = 40 mitochondria for exit points, from experiments in e). e, Aver-

age mitochondrial volume flux rates at synaptic exit points. Rates of ‘captured’ and ‘passing’ mitochondria are stacked 

to visualize the sum: p.c. (orange) and non-p.c. (green) populations, hatched: non-p.c. ‘captured’ flux was estimated as 

described in Materials and Methods (n = 32 NMJs, 20 Thy1-mito-Dendra mice, pooled with Thy1-mito-Dendra mice that 

expressed a ChAT-Cre-recombinase, but did not contain any floxed genes). f, Relationship of the fraction of p.c. synaptic 

area and the fraction of p.c. mitochondria in the overall stream of retrogradely ‘passing’ mitochondria, with a linear 

trendline (shown are means per 10%-bin; n = 28 NMJs, 19 Thy1-mito-Dendra mice from the dataset in e). Scale bars, 10 

µm. A χ²-test was used to determine significance in f (‘Ret’ synaptic exit point p < 0.001; ‘Ant’ and ‘Ret’ last node of Ranvier 

p ≥ 0.05). All experiments were performed by the author. Figure was adapted from Marahori et al. (manuscript in prepa-

ration). 
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manners: while some left the junction to progress into the axon towards the soma (‘passed’ 

mitochondria, 35%), other stopped along their route without moving away for the rest of the 

observation time (‘captured’ mitochondria, 65%; Figure 3.17, c, and Figure 3.17, d, righthand 

plot; n = 40 mitochondria observed from 32 ‘axon-imaging hours’). The probability of being 

captured was highest for retrogradely moving mitochondria in a particular spot: in the transition 

area that separates the junction from the distal-most internode, which is close to the distal 

heminode (termed synaptic ‘exit point’; Figure 3.17, c; χ²-test, p <0.001). The volume flux of 

captured mitochondria accounted for the difference between anterograde and retrograde volume 

flux, which indicates that ‘captured’ mitochondria may constitute the “missing” population 

mentioned in the previous section (Figure 3.17, e; Ant. 0.28 ± 0.03 µm³/h, Ret. passed 0.07 ± 

0.01 µm³/h, captured 0.19 ± 0.04 µm³/h; n = 32 NMJs from 20 mice; values were corrected for 

the partial photoconversion of the NMJs, Figure 3.17, f). 

3.4.3. Mitochondrial capture occurs at distal nodes of Ranvier 

Since mitochondrial capture was specifically occurring in the synaptic exit point, which lies close 

to the terminal heminode, it prompted the question of which structural component of the 

heminode ‘captures’ these mitochondria. During development, nodes of Ranvier develop 

different components in a time-sequential manner (Girault & Peles, 2002). For example, compact 

myelin formation and the anchoring of the node to the actin cytoskeleton are among the final 

steps (Girault & Peles, 2002). To test whether mitochondrial capture depended on the presence 

of a fully mature heminode, an experiment was performed in the developing axons of young mice. 

Indeed, in axons that were not yet fully developed (not myelinated up to the exit point), a smaller 

“mismatch” of anterograde vs. retrograde transport (‘net’ transport rates; Figure 3.18) was 

observed than in fully myelinated axons. These results suggest that while myelination itself does 

not determine capture (unmyelinated axons still showed a mismatch in transport, albeit smaller), 

another structure that is more often associated with myelin may (such as a nodal component that 

develops earlier than myelin sheaths). Further studies will need to probe these heminodal 

components further.  

Since the terminal heminode is a particular node of Ranvier, the question arose whether 

mitochondrial ‘captures’ occur at any node when mitochondria attempt to pass it. Previous 

reports, for example, showed a general reduction in speed when mitochondria pass through the 

nodes of Ranvier to nurture the nodes with energy (Ohno et al., 2011). To test this, retrogradely 

moving, photoconverted mitochondria were also tracked across other nodes, such as the 

preterminal nodes (so ‘full’ nodes that are located upstream of the heminodal exit point, Figure 

3.17, d) and in the stem axons of the intercostal nerve. Indeed, ‘capture’ was observed in the 

most distal ‘full’ nodes but with much lower frequency than in the heminode (Figure 3.17, d, 16% 
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probability of capture in distal ‘full’ nodes vs. 65% in heminode; p ≥ 0.05, χ2-test; n = 69 

mitochondria observed from 9 total ‘axon imaging hours’ vs. NMJ measurements detailed in the 

section above). In stem axon nodes, the ‘capture’ phenomenon was not encountered at all (0% 

‘capture’, n ≥  30 mitochondria observed from 3 total ‘axon imaging hours’, 3 axons from 3 Thy1-

mito-Dendra mice). This suggests that either synaptic retrogradely moving mitochondria are 

“different” than axonal mitochondria from more proximal locations or that distal nodes of Ranvier 

have a special ability to capture mitochondria.  

 

Figure 3.18 | Transport rates in developing, unmyelinated terminal axon branches. Myelination is fully developed at 

3 weeks of age. In young Thy1-YFP-16 (axon label, grey in a,c) × Thy1-mito-CFP (line K; mitochondria label, green in a,c) 

mice (2 weeks old) terminal branches with and without myelination were identified using a myelin vital dye (fluoromyelin 

red in a,c); acetylcholine receptors labeled with bungarotoxin 647 (magenta in a,c). a, Widefield projection shows a my-

elinated (red arrow) and an unmyelinated (grey arrow) terminal axon branch in acute nerve-muscle explants. b, Mito-

chondrial volume flux measured in myelinated and unmyelinated axon branches, flux shown in anterograde and retro-

grade direction, as well as net flux (ant minus ret; ≥ 9 axons from ≥ 3 mice per group). c, Widefield projection shows a 

myelinated (red arrow) and an unmyelinated (grey arrow) section of the same terminal axon branch in acute nerve-mus-

cle explants. d, Mitochondrial volume flux measured in myelinated and unmyelinated portions on the same axon branch, 

flux shown in anterograde and retrograde direction, and net flux (8 axons from 5 mice). Scale bars, 10 µm. Significance 

was determined in b by a Mann-Whitney-U test and in d by a Wilcoxon paired test. Experiments performed by the author. 

Moreover, anterogradely moving mitochondria were not captured at distal nodes (Figure 3.17, 

d; 0% capture, n = 19 mitochondria from 6 total ‘axon imaging hours’). With the mentioned 

reduced motility around the nodes of Ranvier (Ohno et al., 2011) having been bidirectional, these 

results seem to exclude previously reported factors as the specific cause for captures. The axon 
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caliber constrictions around the distal nodes of Ranvier are also symmetric (diameter, 54 ± 6% 

of preceding internode in anterograde vs. 43 ± 3% in retrograde direction; p ≥ 0.05, Mann-

Whitney-U test, Figure 3.19, a,b), excluding asymmetric spatial constraints as another potential 

cause that might explain why mitochondrial captures occur more often in retrograde direction. 

Overall, the data point to a selective mechanism that acts only on a particular population of 

mitochondria. 

 

 

Figure 3.19 | ‘Captured’ mitochon-

dria have unique characteristics 

when compared to ‘passing’ mito-

chondria. a,b, Axonal constriction 

around nodes of Ranvier in α-motor 

axon endings from triangularis sterni 

muscle muscles (n ≥ 11 axons from ≥ 8 

Thy1-mito-Dendra mice): a, axon cali-

bers around the distal ‘full’ nodes, and 

b, around the synaptic exit point and 

heminode (for NMJ branches and for 

exit points the sum of the individual 

branch calibers is shown). c, Move-

ments parameters of ‘passing’ and 

‘captured’ mitochondria while travel-

ing through particular axon subcom-

partments (for legend, see description 

in Figure 3.17; 49 mitochondria 

tracked in 21 NMJs from 16 Thy1-mito-

Dendra mice). d, Morphology of ‘pass-

ing’ and ‘captured’ mitochondria (n ≥ 

19 mitochondria per group, from the 

experiments in Figure 3.17), from top 

to bottom: average organelle volume, 

aspect ratio, and circularity (see Mate-

rials and Methods). One-way ANOVA 

test with multiple comparisons was 

used to determine significance in a,b, 

a two-way ANOVA test in c, and Mann 

Whitney U tests for d. In c, mean (cir-

cles) ± s.e.m. (shaded) are shown. The 

author performed all experiments. 

Figure was adapted from Marahori et 

al. (manuscript in preparation). 
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In fact, mitochondria that were later captured slowed down when approaching the synaptic exit 

point compared to ‘passing’ mitochondria (Figure 3.19, c; reduced average run speed of 

captured mitochondria in exit point by 56%; n = 49 mitochondria). Furthermore, ‘captured’ 

mitochondria were of a spherical, “blown-up” shape when compared to passing mitochondria 

(Figure 3.19, d), possibly indicating a dysfunctional state (Ferree et al., 2013; Nikic et al., 2011; 

Zick et al., 2009). This indicates that ‘captured’ mitochondria originate from a diverse population 

of synaptic mitochondria that is potentially specifically recognized at the exit point. 

3.4.4. Damaged mitochondria are preferentially captured 

The previous experiments described how in murine motor axon endings, a distinct portion of 

synaptic mitochondria that embarks on its retrograde journey to exit the neuromuscular junction 

is instead hindered from doing so at the synaptic ‘exit point,’ by a process termed ‘capture.’ The 

experiments further showed that ‘captured’ mitochondria have distinct properties compared to 

‘passing’ mitochondria, indicating that ‘captured’ mitochondria might be dysfunctional organelles 

that are prohibited from further spreading throughout the axon, potentially to be targeted instead 

for local degradation in the junctions. As typical biosensors that are used to measure 

mitochondrial membrane depolarization (a hallmark of dysfunctional organelles), such as TMRE, 

cannot be used concurrently with mito-Dendra due to spectral overlap, an experiment was 

instead designed to damage synaptic mitochondria with a photo-caged uncoupling agent, then 

observe whether this treatment amplifies mitochondrial capture rates. To this end, the 

photoactivatable compound photo-mito-DNP was used to reduce the membrane potential of 

synaptic mitochondria in a local manner (Chalmers et al., 2012). Acute nerve-muscle explants 

were thus incubated with photo-mito-DNP (Glancy et al., 2015), which specifically reduced the 

fluorescence of the potential-sensitive dye TMRE compared to the control group (see Materials 

and Methods; Figure 3.20, a,b), suggesting that this protocol can depolarize synaptic 

mitochondrial populations selectively.  

In experiments with explants from Thy1-mito-Dendra mice, photo-depolarization of synaptic 

mitochondria drastically elevated the proportion of captured mitochondria at the exit point (85%), 

compared to the ‘sham’ control where photo-mito-DNP was only applied after UV exposure (33%; 

capture fraction increased 2.5-fold, n ≥ 12 mitochondria from ≥ 6 ‘NMJ imaging hours’ per group, 

p = 0.003, χ²-test; Figure 3.20, d). In absolute numbers, fewer mitochondria were allowed to 

pass through the exit points upon depolarization, as shown by comparative volume flux 

measurements (Figure 3.20, c; Control: 0.20 ± 0.07 µm³/h vs. Depolarized: 0.02 ± 0.01 µm³/h; p 

< 0.05, Mann-Whitney-U test). Depolarized NMJs tended to also show an absolute increase in 

captured mitochondrial volume flux when compared to the control (Figure 3.20, c; Control: 0.15 
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± 0.08 µm³/h vs. Depolarized: 0.28 ± 0.08 µm³/h; p ≥ 0.05, Mann-Whitney-U test), indicating that 

the mitochondria which did not pass were instead captured.  

To exclude unspecific compound toxicity affecting the transport machinery, anterograde 

transport rates were also measured. Unlike the retrogradely moving population, anterogradely 

moving mitochondria were not significantly affected in the photo-depolarized group, indicating 

that the observed effects were specific to the depolarization-targeted mitochondria (Figure 3.20, 

e; Control: 0.39 ± 0.21 µm³/h vs. Depolarized: 0.29 ± 0.08 µm³/h; p ≥ 0.05, Mann-Whitney-U test).  

 

 
 

Figure 3.20 | Mitochondrial damage amplifies mi-

tochondrial capture. a,b, Presynaptic mitochondria 

were depolarized in acute nerve–muscle explants af-

ter incubation and photoactivation of photo-mito-

DNP (ChAT-Cremut × ROSA-mito-GFP mice, see Mate-

rials and Methods). a, Mitochondria (green) labeled 

with membrane potential dye TMRE (red). Top: be-

fore photoactivation of mito-DNP, Bottom: after 

photoactivation. b, Fluorescence intensity of TMRE 

after photoactivation of photo-mito-DNP and in the 

control group (only UV; normalized to the start of the 

experiment, n ≥ 5 NMJs from 1 mouse per group). c,d, 

Depolarized mitochondria are preferentially cap-

tured at synaptic exit points (Left: control group 

without depolarization of synaptic mitochondria; 

Right: mitochondria depolarized using photo-mito-

DNP activation; see Materials and Methods) c, Mito-

chondrial volume flux rates at synaptic exit points, (n 

≥ 6 NMJs, ≥ 4 Thy1-mito-Dendra mice per group). Box 

plots show mitochondrial volume flux rates of all 

passing    (light    grey)    and    captured    (dark    grey)  

mitochondria. Miniature bar graphs show stacked mean values for both p.c. (orange) and non-p.c. populations (green) 

measured in the passing (light shades) and captured (dark shades) populations (similar to the experimental setup in Fig-

ure 3.17). d, Pie charts representing fractions of p.c. captured mitochondria (%, dark orange; n ≥ 12 mitochondria per 

group, from the same mice as in c). e, Anterograde volume flux from the same movies as c. Scale bar in a 10 µm. Mann-

Whitney test was used to determine significance in b,c; a χ²-test was used in pie charts (d, p = 0.003). The author per-

formed all experiments. Figure was adapted from Marahori et al. (manuscript in preparation). 

In summary, these results suggest that a cascade of perinodal checkpoints “filters out” and 

removes damaged mitochondria from the retrograde motile pool to prevent such mitochondria 

from spreading throughout the axon. The results further indicate that this system can respond to 

acute mitochondrial damage at the junction by increasing mitochondrial capture rates quickly. 
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3.4.5. Mitochondrial capture in motor neuron disease 

The fact that depolarized mitochondria were captured more frequently at exit points further 

prompted to ask if disease-related damage would also amplify mitochondrial capture. To test this, 

two mouse models of motor neuron disease were employed, SOD1G93A and Thy1-(GA)149-CFP 

("GA-CFP"; Gurney et al., 1994; Schludi et al., 2017). Mutations in the gene encoding Cu/Zn 

superoxide dismutase-1 (SOD1) are responsible for ∼20% of familial ALS cases, and expression 

of mutant SOD1 in transgenic mice leads to a progressive motor neuron disease in these mice, 

characterized, for example, by dying-back denervation (Fischer et al., 2004) with destruction of 

the nodal architecture at symptomatic stages (Figure 3.21, a). Therefore, to exclude secondary 

unspecific effects of axon degeneration, the experiments were performed in pre-symptomatic 

stages: in SOD1G93A +/- × Thy1-mito-Dendra mice, mitochondrial capture was monitored at two 

weeks of age (before the onset of the global axon transport deficits previously reported in the 

intercostal nerve; Marinkovic et al., 2012). In mice expressing the pathogenic SOD1G93A mutation 

(+), mitochondrial capture fractions in exit points indeed increased by 1.9-fold compared to 

healthy littermates (Figure 3.21, c; n ≥ 48 mitochondria from ≥ 19 ‘axon imaging hours’ per 

genotype, p < 0.001, χ²-test). Similarly, at a presymptomatic age (5–6 weeks old),  GA-CFP+/-  ×  

 

Figure 3.21 | In presymptomatic 

mouse models of Amyotrophic lat-

eral sclerosis, mitochondria are 

more frequently captured when 

compared to healthy littermate 

controls (wt). a, Maximum confocal 

projections of motor axon terminals 

in triangularis sterni muscles of ALS-

related mice (SOD1G93A mutation); 

Left: a presymptomatic, 2-week-old 

mouse with intact NMJ architecture, 

Right: Denervation in a 20-week-old, 

symptomatic mouse with destruction 

of the nodal architecture (anti-Caspr-

antibody, yellow; α-bungarotoxin, 

magenta; anti-βIII-tubulin, white). 

b,c, Synaptic mitochondria in pre-

symptomatic SOD1G93A +/- (“mut”) 

mice are preferentially captured at 

synaptic exit points (experimental 

setup as in Figure 3.17; Right: experi-

mental    group    with    two-week-old   

SOD1G93A +/- (“mut”) × Thy1-mito-Dendra mice; Left: healthy SOD1G93A -/- (“wt”) × Thy1-mito-Dendra littermates; n ≥ 13 mice 

per genotype). b, Mitochondrial volume flux at synaptic exit points (n ≥ 19 NMJs per genotype). c, Fractions of p.c. cap-

tured mitochondria (n ≥ 48 mitochondria per genotype). d,e, Mitochondria in presymptomatic GA-CFP+/- mice are prefer-

entially captured at synaptic exit points (Right: experimental group with 5-week-old GA-CFP+/- (“mut”) × Thy1-mito-Den-

dra mice; Left: healthy GA-CFP-/- (“wt”) × Thy1-mito-Dendra littermates; n ≥ 11 mice per genotype). d, Mitochondrial vol-

ume flux at synaptic exit points (n ≥ 19 NMJs per genotype). e, Fractions of p.c. captured mitochondria (n ≥ 26 mitochon-

dria per genotype). Legends: as in Figure 3.17) Scale bars in a 10 µm. Mann-Whitney test was used to determine signifi-

cance in b,d; a χ²-test was used in pie charts (c, p < 0.001; e, p = 0.047). The author performed all experiments. Figure was 

adapted from Marahori et al. (manuscript in preparation). 
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Thy1-mito-Dendra mice expressing the dipeptide repeat protein C9orf72 showed a ~1.6-fold 

increased fraction of captured mitochondria (Figure 3.21, e; n ≥ 26 mitochondria from ~19 NMJ 

imaging hours per genotype, p = 0.047, χ²-test). In both mouse models, the ‘passing’ volume flux 

rates were significantly decreased compared to healthy littermate controls Figure 3.21, b,d). 

Overall, these results indicate that beyond “filtering out” damaged mitochondria in healthy axons, 

this system of mitochondrial capture at perinodal checkpoints can also be adjusted and 

upregulated in degenerative axonopathies. 

 

Figure 3.22 | Changes in mitochondrial transport in motor axon terminals over mouse age. This graph shows the 

transport data measured in “capture experiments” (see Figure 3.17 for experimental setup) pooled from all wildtype 

controls used in this thesis (specifically, the wildtypes in Figure 3.17, 3.21, 3.29 and floxed animals that were negative 

for ChAT-Cre, Figure 3.31); additionally, a preliminary dataset with aged animals was included (9 NMJs from 5 Thy1-mito-

Dendra mice, ages 55-67 weeks). The dotted lines show trendlines through the data based on linear approximation. Ex-

periments were performed by the author. 
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Moreover, mitochondrial damage is known to accumulate with age under physiological 

conditions. This has been previously suggested as a factor contributing to aging becoming a risk 

factor for developing neurodegenerative disease. To analyze whether mitochondrial capture is 

indeed amplified with age, the mitochondrial volume flux results of healthy mice were sorted by 

mouse age (Figure 3.22). Wildtype mice from 2 weeks up to 67 weeks of age were analyzed 

(equivalent to an age span of ~4–55 human years; Dutta & Sengupta, 2016). Interestingly, both 

anterograde and retrograde (‘passing’) volume flux showed a decreasing trend with age (Figure 

3.22). A global drop-off in axonal transport of mitochondria has been previously shown in other 

model systems (Lewis et al., 2016). However, ‘captured’ mitochondrial volume flux rates showed 

the opposite trend, tending to increase with age (Figure 3.22). These data suggest that 

mitochondrial ‘capture’ may also be upregulated during normal aging to maintain mitochondrial 

quality in distal axons. 
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3.4.6. Hotspots of lysosomal activity in axon terminals 

The fact that, on average, ‘captured’ mitochondrial volume flux roughly amounts to the 

mitochondrial population that is “missing” in axonal transport rates (Figure 3.17, e, Section 

3.4.1), suggests that ‘captured’ mitochondria may be targeted for degradation in synaptic exit 

points. To explore this, mice were injected with an adeno-associated virus (AAV) to express a 

mitophagy indicator under a synapsin promoter in neurons (AAV9-hSyn-mito-Keima; see 

Materials and Methods).  

 

Figure 3.23 | Degradative orga-

nelles accumulate at distal 

nodes of Ranvier of motor ax-

ons, i.e., at mitochondrial ‘cap-

ture’ sites. a–d, Mitolysosomes 

in AAV9-hSyn-mito-Keima ex-

pressing mice (live experiments 

in acute nerve–muscle explants). 

a, Widefield projection of mito-

Keima-expressing axon terminal, 

after excitation with 438 ± 12 nm 

(blue pseudo-colored) and 556 ± 

10 nm light (red). Inset: corre-

lated staining after sample fixa-

tion showing axon microana-

tomy (anti-Caspr, yellow; α-bun-

garotoxin, magenta; anti-βIII-tu-

bulin, white). Boxes indicate po-

sitions of widefield images (sin-

gle sections) in b, Synaptic exit 

point with mitolysosome accu-

mulations (high 556/438 ratio; 

arrowheads), and c, axon termi-

nal tip. d, Mito-Keima signal ratio 

at 556/438 nm excitation along 

different subcompartments of 

motor axon terminals (NMJ, ma-

genta; heminode and para-

nodes, yellow; internode, gray; n 

= 14 axons, 7 AAV9-injected Thy1- 

mito-CFP and C57BL/6 mice). e–h, Staining with acidophilic vital dyes (LysoTracker) to visualize degradative organelles 

(live experiments in acute nerve–muscle explants). e, Confocal projection of LysoTracker staining (green) in a YFP-

expressing neuron (white, Thy1-YFP-16 line). Inset: correlated post-hoc staining, anti-Caspr (yellow), α-bungarotoxin (ma-

genta). Boxes indicate positions of single optical sections through the synaptic exit point (f) and tips (g), with LysoTracker 

accumulations (arrowheads) shown within the exit point. h, LysoTracker fluorescence intensity inside axon terminals 

(normalized to signals in internodes; n = 20 axons, 3 Thy1-YFP-16 mice). Scale bars in a,e 10 µm; b,c,f,g 2 µm. Statistical 

significance was determined using a Kruskal-Wallis-test (d,h) with Dunn’s multiple comparisons test. The author per-

formed all experiments. Figure was adapted from Marahori et al. (manuscript in preparation). 

Mito-Keima is a ratiometric indicator that allows visualizing mitochondria (neutral pH) as well 

as lysosomes that are degrading mitochondria (‘mitolysosomes’, due to Keima’s shift in spectrum 

under acidic pH; Katayama et al., 2011). In nerve–muscle explants of injected mice, 

mitolysosomes were thus observed along the entire motor axon terminal; however, the signal 
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was strongly enriched in synaptic exit points and near paranodes (Figure 3.23, a–d), revealing 

that mitochondrial capture sites are, in fact, “hotspots” of mitochondrial degradation.  

In a similar experiment, explants were incubated with LysoTracker (Figure 3.23, e–h), an 

acidophilic vital dye that labels lysosomes and late endosomes (Song et al., 2008). LysoTracker 

accumulated at synaptic exit points (Figure 3.23, e–h) and also colocalized in correlated 3-

dimensional electron microscopy with heterogeneous, electron-dense organelles (Figure 3.24), 

which is a characteristic appearance of degradative lysosomes. 

 

Figure 3.24 | Correlative elec-

tron microscopy of 

LysoTracker-stained orga-

nelles. a, Three-dimensional 

rendering based on tracings in 

serial electron micrographs, 

which were acquired from a re-

localized axon terminal after a 

LysoTracker live experiment in 

an acute nerve–muscle explant 

was performed. Inset: Confocal 

projection of the axon terminal 

before fixation, stained with 

LysoTracker (green; α-bunga-

rotoxin, magenta; Thy1-YFP-16, 

white). b, Confocal single opti-

cal section through the synap-

tic exit point showing the accu-

mulation of LysoTracker-

stained organelle(s), indicated 

by an arrowhead; section posi-

tion indicated by box in the in-

set in a. c, Ultrathin section 

through the targeted orga-

nelles (pseudo-colored green; 

post-synaptic folds: pseudo-

colored       magenta;       section  

position shown in rendering, a). d, Micrograph of electron-dense organelles at the position of the box in c (image on the 

very left; the other micrographs are taken from different sections in the 3D-stack at the same xy-position, with displace-

ment in z-axis indicated in images). Scale bars in a 10 µm; b,c 1 µm; d 200 nm. The experiment was performed by the 

author together with M. Schifferer (EM facility, DZNE). Figure was adapted from Marahori et al. (manuscript in prepara-

tion). 

Most LysoTracker-stained organelles colocalized with Keima labeled mitolysosomes (91% of 

415 particles; Figure 3.25, a–c), which were not marked or marked only dimly with “regular” 

mitochondrial matrix labels (Thy1-mito-XFP mice; Figure 3.25, d,e), suggesting an actively 

digestive state of mitolysosomes in synaptic exit points. 



 

 

– 81 –  A. N. Marahori | Results 

 

Figure 3.25 | Parallel labeling and colocalization of mitochondrial and lysosomal markers. a–c, Mitolysosomes and 

LysoTracker colocalize in acute nerve–muscle explants. a, Widefield projection of a neuromuscular junction expressing 

AAV9-hSyn-mito-Keima (blue, neutral Keima-440; red, acidic Keima-550) with concurrent LysoTracker labeling (green). b, 

Widefield optical sections of mitolysosomes (high Keima-550 signal) in the synaptic exit point (two positions are shown, 

indicated by the two boxes in a, the box marked with an asterisk refers to the series of images on the righthand side). The 

same area is shown in all three channels (blue, neutral Keima-440; red, acidic Keima-550; green, LysoTracker). Yellow 

arrows point to mitolysosomes that are colocalizing with LysoTracker, red arrows point to mitolysosome lacking 

LysoTracker signal. c, Venn diagram quantifying colocalization of LysoTracker and mitolysosomes, n = 458 particles from 

10 NMJs in 3 C57BL/6 mice. d,e, Mitolysosomes lack regular mitochondrial matrix markers (Thy1-mito-CFP) in acute 

nerve–muscle explants. d, Widefield projection of a neuromuscular junction of a Thy1-mito-CFP mouse labeled with 

AAV9-hSyn-mito-Keima. Inset shows post-hoc correlated staining (anti-Caspr, yellow; α-bungarotoxin, magenta; anti-βIII-

tubulin, white). e, Widefield single optical sections of mitolysosomes in the synaptic exit point (position of image indi-

cated by a box in d). The same area is shown in all three channels (blue, neutral Keima-440; red, acidic Keima-550; green, 

mito-CFP). Arrows point to mitolysosomes (high Keima-550 signal) that are lacking in Mito-CFP fluorescence. Scale bars 

in a,d 10 µm; b 2 µm; e 1 µm. The author performed the experiments. Figure was adapted from Marahori et al. (manuscript 

in preparation). 

3.4.7. Mitophagy dynamics in axon terminals 

For long-ranged retrograde transport of mitochondria towards the soma, different models have 

been proposed to describe the dynamic transition of mitochondria into autophago-lysosomal 

degradation. These models range from (1) ‘bona fide’ mitochondria being transported towards 

the soma (Mandal et al., 2021) for degradation (Sheng, 2014), (2) to models that suggest that 

progressively maturing autophagosomes and endolysosomes engulf mitochondria on their 

axonal journey (Maday, 2016). To further explore the specific relationship between mitochondrial 

captures and lysosomal digestion at the synaptic exit point, an experiment was performed were 

the distal portions of NMJs were photoactivated in Thy1-mito-paGFP mice (injected with AAV9-

hSyn-mito-Keima) to monitor the acidity of retrogradely moving photoactivated mitochondria at 

various locations along their route. The aim of this experiment was to determine whether 
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‘captured’ mitochondria actually constitute ‘bona fide’ mitochondria or if these entities had already 

been enclosed in a (pre-)degradative organelle during their journey to the exit point. 

Neither ‘captured’ nor ‘passing’ mitochondria were seen to colocalize with an acidic mito-Keima 

signal whilst moving, however, many ‘captured’ mitochondria (87%) turned acidic after reaching 

the exit point (Figure 3.26). Moreover, mitolysosomes had distinct properties when compared to 

‘captured’ mitochondria: mitolysosomes were more circular and smaller (Figure 3.27, a) and 

moved faster than ‘captured’ mitochondria (Figure 3.27, b). Also, mitolysosomes showed 

movement behaviors that were uncharacteristic of ‘captured’ mitochondria, such as frequently 

attaching and detaching from exit points with bouts of fast bidirectional movement in between 

(‘captured’ mitochondria usually show unidirectional movement and do not ‘detach’ from exit 

points after stopping there). Overall, these findings suggest that ‘bona fide’ dysfunctional 

mitochondria were recognized and captured at synaptic exit points in order to meet lysosomal 

degradation. 

 

Figure 3.26 | Colocalization of mi-

tolysosomes and captured mito-

chondria over time. a, Mitochondria 

were photoactivated (p.a.) from non-

fluorescent to green fluorescence in 

the distal half of neuromuscular junc-

tions in acute nerve-muscle explants 

of Thy1-mito-paGFP mice expressing 

AAV9-hSyn-mito-Keima (widefield 

image section; blue, neutral Keima-

440; red, acidic Keima-550). After 

photoactivation, the synaptic exit 

point (boxed area) was monitored 

routinely for p.a. ‘captured’ mito-

chondria and the proximal axon for 

p.a. ‘passed’ mitochondria (stacks 

ca. every 10–15 min to avoid photo-

bleaching). b, Widefield image sec-

tions from the location indicated in a, 

taken at different time intervals as in-

dicated next to each image (min after 

p.a.). A ‘captured’ p.a. mitochondrion 

(green fluorescence) colocalizing with a mitolysosome (high Keima-550/Keima-440 ratio), indicated by a red arrow in 

each time point. c, Proportion of ‘passing’ and ‘captured’ mitochondria that colocalized with mitolysosomes (red) within 

the duration of the experiment (n = 9 ‘passing’ and n = 15 ‘captured’ mitochondria from 10 NMJs, 5 mice). Scale bars: 10 

µm in a, 1 µm in b. The experiments were performed by the author. Figure was adapted from Marahori et al. (manuscript 

in preparation). 
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Figure 3.27 | Comparing organelle properties of ‘captured’ mitochondria and mitolysosomes. Mitochondrial prop-

erties (analysis from the dataset in Figure 3.19, c,d replotted, Thy1-mito-Dendra mice) are compared against mitolyso-

somal properties (movies acquired in ≥ 4 NMJs from ≥ 3 mice per group; Thy1-mito-CFP mice injected with AAV9-hSyn-

mito-Keima). a, Mitochondrial morphology measurements from Figure 3.19, d are compared against measurements in 

mitolysosome movies (‘pass’: n = 20 mitolysosomes and ‘captured’: n = 11 mitolysosomes). b, Mitochondrial movement 

parameters from tracks in Figure 3.19, c are compared against mitolysosome movement parameters (‘pass’: n = 22 mi-

tolysosomes and ‘captured’: n = 8 mitolysosomes). Mann-Whitney-U test was used to determine significance. The author 

performed the experiments. Figure was adapted from Marahori et al. (manuscript in preparation). 

3.4.8. The PINK1/parkin pathway is not essential for mitochondrial capture 

The results implied a selective mechanism of capturing dysfunctional mitochondria at synaptic 

exit points, and different mitophagy-mediating proteins have indeed been shown to interact with 

the axonal transport machinery. For example, PINK1 and parkin, which label mitochondria with 

polyubiquitin chains for mitophagy (Geisler et al., 2010; Matsuda et al., 2010; Narendra et al., 

2008; Narendra et al., 2010; Vives-Bauza et al., 2010), can detach damaged mitochondria from 

the transport machinery to facilitate local axonal mitophagy in neuronal cell cultures (Ashrafi et 

al., 2014; Wang et al., 2011). 

To test whether the PINK1/parkin pathway mediates mitochondrial capture, the retrograde 

pulse-chase experiment at the synaptic junction was repeated in Pink1-Parkin-double knockout 

(dKO) mice. However, triangularis sterni muscles from adult animals surprisingly showed a 

marked denervation phenotype (Figure 3.28, a–c, red arrows and stars), which has been 

previously published (Rogers et al., 2017). In addition to the denervation phenotype, dKO mice 

also has severely reduced retrograde transport of mitochondria in stem axons (Figure 3.28, e), 

which was not observed in mice that had been knocked out for PINK1 alone (Figure 3.28, d).  
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Figure 3.28 | Neuromuscular phenotype of Pink1-Parkin-dKO mice. a–c, Neuromuscular junctions of an adult Pink1-

Parkin-double KO (dKO) mouse (Pink1ko/ko × Prknko/ko × Thy1-mito-Dendra; mitochondria, green; βIII-tubulin antibody, 

grey; AChR labeled by bungarotoxin, magenta): a shows a confocal maximum projection of the neuromuscular endplate 

band in the triangularis sterni muscle, red arrows point to multiple axon sprouts (axon “stumps” that do not form a syn-

apse), in b confocal projection of a junction that is multi-innervated (three axons indicated by arrows supply the synaptic 

territory), star indicates axon sprout, in c confocal projection of axon sprout (star) with fragmented mitochondria. d–f, 

Mitochondrial volume flux measured in stem axons (intercostal nerve) of acute-nerve muscle explants in d, adult single 

Pink1-KO compared to Pink1-WT (Exp: Pink1ko/ko × Thy1-mito-Dendra; Ctr: Pink1wt/wt × Thy1-mito-Dendra littermates; n ≥ 

15 axons from n ≥ 2 mice per group); e, adult Pink1-Parkin-double KO (dKO) compared to single Pink1-KO (Exp: Pink1ko/ko 

× Prknko/ko × Thy1-mito-Dendra; Ctr: Pink1ko/ko × Prknwt/wt × Thy1-mito-Dendra littermates; n ≥ 42 axons from n ≥ 3 mice per 

group); f, juvenile (3-week-old) Pink1-Parkin-double KO (dKO) compared to single Pink1-KO (Exp: Pink1ko/ko × Prknko/ko × 

Thy1-mito-Dendra; Ctr: Pink1ko/ko × Prknwt/wt × Thy1-mito-Dendra littermates; n ≥ 30 axons from n ≥ 3 mice per group). Scale 

bars in a 100 µm, in b,c 10 µm. Mann-Whitney-U test was used to determine significance. The author performed the ex-

periments. Figure was adapted from Marahori et al. (manuscript in preparation). 

To test whether the mitochondrial capture mechanism at the synaptic exit point depends on the 

PINK1/parkin pathway in a causal manner, the imaging was therefore performed at an earlier 

age (3-week-old mice), before the onset of the transport phenotype in stem axons (Figure 3.28,  

f; Mann-Whitney-tests for mitochondrial volume flux: Anterograde, p ≥ 0.05; Retrograde p ≥ 

0.05).In this setting, mitochondrial volume flux rates and the proportion of captured mitochondria 

were unchanged when comparing Pink1-Parkin-dKO and Pink1-KO mice to wildtype mice 
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(Figure 3.29; Ctr: 54% capture, DKO: 62% capture; per group ≥ 29 tracked mitochondria during 

20 ≥ ‘NMJ hours’, χ²-test p ≥ 0.05). 

 

Figure 3.29 | The PINK1/parkin pathway is not essential for mitochondrial capture. a–b, Mitochondrial capture ex-

periment in juvenile Pink1-KO mice (see Figure 3.17 for experimental setup and legends; Exp: Pink1ko/ko × Thy1-mito-Den-

dra; Ctr: Pink1wt/wt × Thy1-mito-Dendra littermates): a, Mitochondrial volume flux at synaptic exit points (n ≥ 15 axons from 

≥ 8 mice per group); b, Mitochondrial capture fractions of retrogradely moving p.c. mitochondria in synaptic exit points 

(n ≥ 24 mitochondria per group, measured from the movies in a). c–d, Mitochondrial capture experiment in juvenile Pink1-

Parkin-double KO (dKO) mice (Exp: Pink1ko/ko × Prknko/ko × Thy1-mito-Dendra; Ctr: Pink1ko/ko × Prknwt/wt × Thy1-mito-Dendra 

littermates): c, Mitochondrial volume flux (n ≥ 15 axons from ≥ 10 mice per group); d, Mitochondrial capture fractions (n 

≥ 18 mitochondria from the movies in c). Mann-Whitney-U test was used to determine significance in a and c, a χ²-test 

was used in pie charts (b, p ≥ 0.05; d, p ≥ 0.05). The author performed all experiments. Figure was adapted from Marahori 

et al. (manuscript in preparation). 

This argues that the PINK1/parkin pathway is not essentially involved in mitochondrial capture 

at the synaptic exit point, a function that is perhaps taken by another ubiquitin-E3-ligase, such as 

MITOL (Yonashiro et al., 2006). In favor of this, immunostainings against ubiquitin do indeed 

reveal an accumulation of ubiquitin at the synaptic exit point compared to the rest of the synaptic 

terminal (Figure 3.30). It cannot be entirely excluded that the PINK1/parkin pathway plays a role 

in mitochondrial capture, as developmental compensation might take place in knockout mice, 

especially if the PINK1/parkin pathway is essential for mitophagy. So far, however, the data 

suggest that the PINK1/parkin pathway is not absolutely required for distal mitophagy, although 

it likely plays alternative roles in the motor neuron, resulting in the observed degenerative 

phenotype. 
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Figure 3.30 | Ubiquitin enrichment in synaptic 

exit points. a–c, An antibody staining against 

ubiquitin was applied to fixed triangularis sterni 

muscles isolated from Thy1-mito-Dendra mice 

(staining shown in red; green: mitochondria). a, 

Confocal projection of a neuromuscular junction, 

b, Single optical section of the synaptic exit point 

and from c, an NMJ branch; locations of b and c are 

indicated by boxes in a. d, Quantification of ubiq-

uitin staining brightness in synaptic exit points 

and NMJ branches (n = 18 axon terminals from 2 

mice). Scale bars in a 10 µm, in b,c 2 µm. A Wil-

coxon (paired) test was used to determine signifi-

cance. The author performed the experiments. 

Figure was adapted from Marahori et al. (manu-

script in preparation). 

3.4.9. Optineurin mediates mitochondrial capture  

In addition to ubiquitinating proteins, mitophagy also depends on so-called mitophagy adaptor 

proteins. Those proteins interlink ubiquitin-tagged mitochondria with the autophagosomal 

membrane, facilitating autophagosomal engulfment. In this study, optineurin was chosen as a 

candidate due to its involvement in motor neuron disease. Indeed, cell-type specific deletion of 

optineurin in motor neurons selectively reduced mitochondrial capture significantly (from 76% in 

the control to 34% in the Optn-cKO; Figure 3.31, b, p < 0.01, χ²-test; n ≥ 38 tracked mitochondria 

per group; ChAT-Cremut/wt × Optnflox/flox mice compared to ChAT-Crewt/wt × Optnflox/flox littermate 

controls). The volume flux of ‘passing’ mitochondria was increased 4-fold in the conditional 

knockout (Figure 3.31, a; Controls: 0.04 ± 0.01 µm³/h, cKO: 0.16 ± 0.06 µm³/h, p < 0.05, Mann-

Whitney-U-test), suggesting that when motor neurons lack optineurin, mitochondria that would 

otherwise be captured are instead able to pass the synaptic exit point. In line with this, ‘passing’ 

mitochondria were also rounder in the knockout than in littermate controls, appearing more 

similar to their normally captured counterparts, suggesting that these are indeed mitochondria 

that “slipped through” the filter (Figure 3.31, c,d). Retrograde mitochondrial volume flux in 

intercostal nerve stem axons was not significantly different between knockouts and littermate 

controls (Figure 3.31, e; Ctr: 0.15 ± 0.02 µm³/min, KO: 0.17 ± 0.04 µm³/min, p > 0.05, Mann-

Whitney-U-test), suggesting that optineurin is specifically active in mitostasis at synaptic 

terminals, but not other areas of the axons. Together, these data reveal a previously unknown, 

non-canonical mechanism of neuronal mitophagy responsible for most of mitochondrial turnover 

in distal motor axons. 
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Figure 3.31 | Optineurin mediates mitochondrial capture in synaptic exit points. a–b, Mitochondrial capture experi-

ment in Optn-c(onditional)KO mice (see Figure 3.17 for experimental setup and legends; Exp: ChAT-Cremut/wt × Optnflox/flox 

× Thy1-mito-Dendra mice; Controls: ChAT-Crewt/wt × Optnflox/flox × Thy1-mito-Dendra littermates): a, Mitochondrial volume 

flux at synaptic exit points (n ≥ 29 axons from ≥ 18 mice per group); b, Mitochondrial capture fractions of retrogradely 

moving p.c. mitochondria in synaptic exit points (n ≥ 29 mitochondria per genotype, analyzed from the movies in a). c–d, 

Morphological properties of ‘captured’ and ‘passed’ mitochondria in Optn-cKO and control mice (analyzed from the mov-

ies in a); c shows retrogradely moving p.c. mitochondria (red) in the synaptic exit point from each genotype and mito-

chondrial ‘class’ (left pair: Optn control, right pair: Optn-cKO). Vertical brackets represent mitochondrial length, horizon-

tal brackets mitochondrial width, to illustrate how the measurements in d were taken. d, Mitochondrial aspect ratio, 

which denotes the ratio of mitochondrial length and width, for retrogradely moving p.c. mitochondria from each geno-

type and class (n ≥ 13 mitochondria per group; from the movies in a). e, Anterograde and retrograde mitochondrial vol-

ume flux in stem axons measured in acute nerve-muscle explants of Optn-cKO mice (right pair: Exp: ChAT-Cremut/wt × Opt-

nflox/flox × Thy1-mito-Dendra mice; left pair: ChAT-Crewt/wt × Optnflox/flox × Thy1-mito-Dendra littermate controls; n ≥ 19 axons 

from 3 mice per group). Scale bar in c 500 nm (for all shown images). Mann-Whitney-U test was used to determine signif-

icance in a and e, a χ²-test was used in b, p = 0.0006. A Kruskal Wallis test with multiple comparisons correction was used 

to determine significance in d. The author performed all experiments. Figure was adapted from Marahori et al. (manu-

script in preparation). 
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4. Discussion 

The text in this section was written by N. A. Marahori and in parts, elaborates on ideas from a 

manuscript that is being prepared for a peer-reviewed publication: 

 

Working title: An optineurin-mediated retrograde transit filter controls mitostasis in 

distal axons.  

Authors: Natalia Athanasia Marahori, Barbara Gailer, Martina Schifferer, Tatjana Kleele, Anna 

Iatroudi, Petros Avramopoulos, Stefan Engelhardt, Melike Lakadamyali, Monika Brill, and 

Thomas Misgeld 

 

 

 

Figure 4.1 | Model how anterograde and retrograde transport contribute to synaptic mitostasis in vivo. Schematic 

of a lower motor neuron; dark green: anterograde mitochondrial transport from the soma; light green: retrograde mito-

chondrial transport; red: mitophagy at distal nodes of Ranvier (yellow: myelin sheaths, violet: synaptic sites). 
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Mitostasis—mitochondrial homeostasis— is a fundamental process that sustains cellular health 

in many tissues, but especially in the nervous system, as evidenced by the fact that defects in 

mitostasis are closely linked to neurodegeneration (De Vos et al., 2008; Hafezparast et al., 2003; 

Maday et al., 2014; Mariano et al., 2018; Nunnari & Suomalainen, 2012; Rugarli & Langer, 2012). 

Yet, why defects in mitostasis manifest in this manner remains poorly understood. So far, most 

aspects of mitostasis have been studied in cell culture systems, which lack the specific properties 

and morphology of mature neurons as are formed in vivo. Such studies have not fully elucidated 

many basic aspects of mitostasis: What are the major sites of mitochondrial degradation and 

biogenesis in neurons? How does axonal transport relate to mitostasis? How do mitostatic 

processes map onto the complex geometry of mature neurons? How is intracellular mitochondrial 

heterogeneity and functional specification established, and in which ways do compartmentalized 

mitostatic pathways contribute? Especially, how do these processes maintain mitochondria at 

the synapse, which is the main functional site of a neuron that is also most prone to disease? 

What characterizes the lifecycle of a “typical” synaptic mitochondrion? The lack of this knowledge 

is, to a large degree, due to a lack of in vivo imaging methods that can visualize the dynamism 

and turnover of neuronal mitochondria in a complex mammalian tissue context. In this work, 

numerous in situ imaging assays have been developed for measuring mitochondrial shapes, 

dynamics, turnover, and mitophagy, most centrally an optical pulse-chase approach that allows 

tagging small subpopulations of mitochondria with photoswitched proteins. This specific labeling 

of mitochondrial subpopulations can be useful for tracking the fate of individual organelles and 

measuring mitochondrial turnover and has allowed to perform the first in-depth in situ 

characterizations of synaptic mitostasis in both physiological and disease-related settings. The 

main findings of this study are twofold: (1) in lower motor neurons, “new” synaptic mitochondria 

are provided to distal axonal sites by targeted anterograde transport from the soma and share 

their contents with the residual pool via fusions; (2) the bulk (75%) of mitochondrial degradation 

occurs directly at the synapse via optineurin-mediated mitophagy, refuting the canonical textbook 

view that long-range retrograde transport is responsible for most mitochondrial elimination. This 

leads to the conclusion that in situ, mitostasis is a highly compartmentalized process with 

implications for cell type- and compartment-specific vulnerability in neurodegenerative diseases.  

4.1. Methods to study mitochondrial fate in vivo 

Elucidating the “life” of neuronal mitochondria is an important undertaking, yet the process has 

remained enigmatic for scientists. Historically, attempts at measuring mitochondrial turnover—

the rate and the conditions at which mitochondria are replaced—have been made with 

radioisotope pulse-chase experiments (Miwa et al., 2010). After in vivo labeling of mitochondrial 

metabolites such as mtDNA, amino acids, or lipids (the “pulse”), mitochondria were isolated and 
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protein turnover rates were inferred from the kinetics of label disappearance over time (“chase”; 

Miwa et al., 2010). In the brains of rodents, the reported half-lives were quite variable—ranging 

from a few days to multiple months (Cuzner et al., 1966; Gross et al., 1969; Huemer et al., 1971; 

Khan & Wilson, 1965; Menzies & Gold, 1971, 1972; Miwa et al., 2010; Pasquini et al., 1973; Von 

Hungen et al., 1968). The high variability has been mostly attributed to the problematic technical 

issues inherent to this technique (re-usage of radioisotope-labeled amino acids by the cells; 

Bakalkin et al., 1978; Miwa et al., 2010). Metabolic labeling assays also lacked resolution at the 

cellular level (Trudeau et al., 2014), making it impossible to infer mitochondrial half-lives in 

neurons from these studies. 

The discovery of fluorescent proteins (such as GFP; Chalfie et al., 1994; Tsien, 1998) and their 

application to neuronal cell cultures has circumvented many of the drawbacks of pulse-chase 

radiolabeling techniques, allowing to directly visualize mitochondrial transport and further 

elucidate mechanistic details on an organelle-based level (Roy, 2020). Transgenic animals 

containing these proteins in neuronal mitochondria have further greatly advanced the studies of 

mitochondrial biology in neurons in vivo (Breckwoldt et al., 2014; Fecher et al., 2019; Magrane 

et al., 2014; Misgeld et al., 2007; Pilling et al., 2006; Plucinska & Misgeld, 2016; Plucinska et al., 

2012). In vivo imaging studies, however, also began to face several important restrictions (see 

introduction of Section 3.1). 

The optical pulse-chase assay developed in this work aimed at combining the benefits from 

both worlds. Two transgenic mouse lines containing the photoswitchable proteins Dendra and 

paGFP were generated (for similar mice, see Magrane et al., 2014; Marinkovic et al., 2012; Pham 

et al., 2012), which allowed labeling a specific subpopulation of mitochondria with UV light (the 

“pulse”) and following these mitochondria over time (“chase”), with the additional feature of live 

imaging these organelles at specific points in time and space. Practically speaking, this approach 

served various experimental purposes (Figure 3.1), which will be elaborated below.  

Mitochondrial turnover: Mitochondria should not be considered as individual organelles of 

defined size and nature but rather as a dynamic syncytium constantly undergoing fusion and 

fission (Ryan & Hoogenraad, 2007) so that instead of describing mitochondrial turnover by 

counting individual organelles, it is often rather given by globally measuring lifetimes of 

mitochondrial proteins or lipids. Inspired by the radioisotope pulse-chase experiments in living 

animals (Miwa et al., 2010), a similar experiment was designed where synaptic mitochondria 

were irradiated with UV light (“pulse”), and then the disappearance of the photoswitched (and 

replacement by non-photoswitched) mitochondria was quantified over time (“chase”, Figure 

3.10, a). This in vivo experiment yielded that the majority of photoswitched mitochondria were 

replaced after ~4 days, which is in line with previously reported mitochondrial half-lives reported 

in cell cultures (Dorrbaum et al., 2018). Compared to radioisotope experiments, “optical” pulse-
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chase experiments should yield more reliable measurements of mitochondrial half-life, as the 

photoswitchable labels are large, complex proteins that, unlike the radiolabeled basic 

metabolites, cannot be reused after their degradation. Photoswitching of mito-Dendra is 

irreversible (Gurskaya et al., 2006) and should not spontaneously revert to its non-photoswitched 

state or diffuse into the cytoplasm. Likely confounders could be inadvertently “slow” 

photoswitching unless care is taken to minimize exposure of the experimental area to blue light 

(Dempsey et al., 2015), and photobleaching also needs to be controlled and corrected (see 

Materials and Methods for experimental measures). The results do, however, come under the 

assumption that mito-Dendra is a suitable long-lived protein to measure mitochondrial lifetime, 

which further studies will have to determine. 

Mitochondrial age: In an optical pulse-chase experiment, the mitochondrial population that is 

labeled by photoswitching has been effectively “time-stamped,” which allowed the experiments 

in Figure 3.13 and 3.14 to distinguish between “new” from “old” synaptic mitochondria. Because 

of the lifetime of the nerve-muscle preparation, only mitochondrial “ages” up to 4 h were 

distinguished; however, taken in vivo, such an approach could potentially be even expanded. An 

alternative tool to study mitochondrial age is mito-Timer (Trudeau et al., 2014). Mito-Timer initially 

fluoresces green (young protein) and shifts to red (old) over time. The overall ratio of green and 

red fluorescence in a cell depends on factors such as mitochondrial biogenesis, fusion, and 

degradation. It has, therefore, been suggested as a readout for mitochondrial turnover, or “age.” 

Important differences between mito-Timer and pulse-chase methods are: (1) no specific, only 

relative rates of turnover can be determined with mito-Timer, unlike in pulse-chase assays; (2) 

mito-Timer gives a gradual and not binary readout about age; (3) mito-Timer is limited to its 12–

18h maturation window. (Trudeau et al., 2014) 

Mitochondrial morphology: Superresolution techniques or electron microscopy are often 

needed to resolve the fine details of mitochondrial structure and network morphology. Widefield 

microscopy can also resolve the general shape of a mitochondrion, provided that the 

mitochondrion is sparsely labeled or isolated from other surrounding mitochondria (Figure 3.9). 

In cell cultures, photoswitching of individual organelles has been used to resolve finer details of 

mitochondrial shape: for example, visualizing fine structures such as mitochondrial nanotunnels 

(Huang et al., 2013). In this work, photoswitching allowed not only to disambiguate the fine 

morphology of both resident and moving synaptic mitochondria (Section 3.2) but also to track 

the fine details of their movements and stops in between hundreds of other organelles (Figure 

3.19). 

Mitochondrial fusion: Photoswitching can be used in a mitochondrial fusion assay due to the 

fusion of two differentially colored mitochondria resulting in a visible merging of the two colors 

(Hoppins & Nunnari, 2009).  In primary neuron cultures, partial photoactivation of a mito-paGFP-
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labelled cell was redistributed throughout the cell, while in Mfn2 mutated cells, this redistribution 

was severely impaired (Baloh et al., 2007). Photoswitching assays have been widely used in 

more cell culture photoactivation assays since (Karbowski et al., 2004; Karbowski et al., 2014; 

Magrane et al., 2012). This work successfully identified mitochondrial fusions in a setting that 

would otherwise prohibit such observations with regular tools (Figure 3.15). While most 

exchange of mitochondrial matrix is thought to occur via complete fusions, the assay cannot 

formally distinguish other forms of matrix exchange, such as mitochondrial nanotunnels (Eisner 

et al., 2018), which can interconnect even distant (8 µm) mitochondria (Huang et al., 2013; 

Lavorato et al., 2017).  

Long-range transport: Time-lapse imaging mitochondria after photoswitching has two 

advantages when compared to a “standard” approach with monochrome mitochondrial labels: 

First, moving mitochondria can be tracked with high spatial precision, even in optically dense 

areas (Marinkovic et al., 2012). A similar approach has been taken successfully for sparsely 

labeling and visualizing the transport of cytosolic proteins with photoactivated GFP (Roy et al., 

2011). (2) Single photoswitched mitochondria can be tracked across large distances—up to many 

cm in axons—that would otherwise exceed a typical field of view. With the photoswitching assay 

providing a “proof of origin” for mitochondria (Marinkovic et al., 2012), mitochondrial dynamics 

can be followed and compared even across different neuronal subcompartments in vivo—while 

retaining an imaging modality that still operates at Nyquist resolution. Indeed, photoactivated 

mitochondria were identified in in vivo labeling experiments after they had passed many cm of 

the intercostal nerve (Figure 3.11). Unlike other approaches that have tried to tackle the problem 

of long-distance (e.g., “orbital tracking” microscopy (Wehnekamp et al., 2019), photoswitchable-

based assays do not require highly specialized setups and are implementable on most 

microscopes.  

To summarize, optical pulse-chase methods are versatile tools, allowing us to observe 

precisely how the various aspects of the mitochondrial lifecycle relate to each other—namely,  

mitochondrial turnover, age, morphology, transport, and fusion in neurons. 

4.2. Renewal of synaptic mitochondria  

The chief raison d’etre of anterograde mitochondrial transport is thought to be supplying distal 

axon locations with “fresh” organelles, given that most biogenesis is thought to occur in the soma. 

Indeed, in typical NMJs with ~4 mitochondria being transported anterogradely per hour, the 

turnover of the presynaptic pool was predicted to occur within 3–5 days. This number is 

remarkably similar to the results from the in vivo turnover experiment (~4 days), where the decay 

of photoconverted mito-Dendra was tracked over time (Figure 3.10). This suggests that the 
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majority of mitochondria are delivered to the junction directly from the soma, and not locally 

generated. The long-range in vivo pulse-chase experiments also suggest this to be true, as 

labeled mitochondria seemed to move directly toward the axon tips without detours (Section 

3.3.2). An interesting experiment to corroborate these findings could be the imaging of mito-Timer 

in motor terminals (Ferree et al., 2013; Hernandez et al., 2013). Given the reported maturation 

times of mito-Timer of about 12–18 h and the estimated mitochondrial turnover at the NMJ of ~4 

days, an experiment with mito-Timer would most likely result in a “red” mitochondrial resident 

population at the synapse, while anterogradely moving mitochondria, if they indeed move directly 

from the soma to the junction, would appear rather “green”. 

It is also well-known that the lifetime of mitochondrial proteins is extremely variable: in some 

tissues, considerable interprotein differences were observed with half-lives spanning from hours 

to months (∼60 d; Kim et al., 2012). Both mitochondria- and nuclear-encoded transcripts are 

translated on axonal ribosomes, indicating a substantial amount of mitochondrial biogenesis in 

axons (Aschrafi et al., 2016; Briese et al., 2016; Cioni et al., 2019; Cosker et al., 2016; Gumy et 

al., 2011; Kuzniewska et al., 2020; Shigeoka et al., 2016; Yoon et al., 2012; Yousefi et al., 2021; 

Zivraj et al., 2010). A possibility that combines these findings would be that anterograde transport 

delivers something akin to “generic building blocks” to the periphery, i.e., mitochondrial packages 

that mainly contain structural or essential proteins, and that these mitochondria will only be further 

decorated with more proteins after they reached their final destination. A study recently reported 

a set of incredibly long-lived mitochondrial proteins in the brain that persist for many months 

(LLPs) for providing long-term architectural stability within cells due to their association with 

cristae membranes (Bomba-Warczak et al., 2021). It is possible that these anterograde “delivery 

packages” not only supply such structures but also a continual stream of “fresh” mitochondrial 

transcripts to the resident synaptic pool of mitochondria. For example, transcripts encoding short-

lived proteins, which are delivered on organelles via “hitchhiking” (Harbauer et al., 2022), might 

be shared with the resident mitochondrial pool via fusions that were observed between 

anterogradely moving and resident synaptic mitochondria in pulse-chase experiments (Figure 

3.15). Further studies will have to determine exactly what constitutes anterogradely moving 

mitochondria and how they differ from resident (“old”) synaptic mitochondria in more detail. 

4.3. Distribution by anterograde transport 

Another important aspect that needs to be addressed in the future is understanding how 

neurons distribute their mitochondria appropriately. For example, mitochondria being enriched in 

synapses suggests that there is either a preferred delivery system to these sites or high rates of 

local biogenesis. The experiments in this thesis strongly suggest regulated delivery mechanisms 
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to synaptic sites via anterograde transport (Section 3.3). Such “targeted” mitochondrial delivery 

would require that mitochondria bypass the main axon trunk without stopping to arrive at the 

synapses. While studies in cellular systems suggest that moving mitochondria can “sense” a 

variety of local cues at synapses (Pekkurnaz & Wang, 2022), this cannot explain how 

mitochondria would “know” from a distance where to go or where to turn at branch points. This 

information might be carried in axon caliber, microtubule cytoskeleton, or retrograde signaling 

(Cardanho-Ramos & Morais, 2021; Tymanskyj et al., 2022; Tymanskyj et al., 2018). Multiple 

levels of decision-making are conceivable: (1) at branch points, (2) at the axon hillock, (3) 

anterogradely moving mitochondria destined for synapses carrying a “tag.”   

Moreover, how mitochondrial enrichment is regulated to correlate with the metabolic demand 

of a neuron type or neuronal subcompartment is not well understood. Studies showed that 

mitochondria produce the majority of ATP that is generated in response to increased neuronal 

activity (Hall et al., 2012; Lin et al., 2010). However, in several studies, short-term changes in 

neuronal activity did not change mitochondrial transport rates, suggesting that neurons do not 

have to react to increased metabolic demands by sending more mitochondria. An alternative 

mechanism for enriching mitochondria might be the regulation of biogenesis or turnover: for 

example, via acetylcholine levels (L. Sun et al., 2013) or molecular signals like AMP/ATP or 

NAD+/NADH ratios, Ca2+ ion levels, or neurotrophins (Cardanho-Ramos & Morais, 2021; Hock 

& Kralli, 2009; Lopez-Lluch et al., 2008; Ryan & Hoogenraad, 2007). However, as anterograde 

transport has not been measured yet under chronic changes in neuronal activity (Misgeld & 

Schwarz, 2017), it remains open whether any of the specific targeting mechanisms for 

anterogradely moving mitochondria are related to the metabolic need of the periphery. 

4.4. Linking fusion and anterograde transport  

Anterogradely moving mitochondria that entered a neuromuscular junction had a particular 

propensity to fuse with other mitochondria of the synaptic pool, thereby sharing their contents 

with the synaptic mitochondria, which was a very unusual behavior for resident axonal 

mitochondria otherwise (Figure 3.15). It implies that either (1) anterogradely moving 

mitochondria are “special” to carry a particular molecular factor that allows them to fuse, while 

stationary mitochondria lack this factor, or (2) anterogradely moving mitochondria are, in fact, 

regular mitochondria, and there rather is a restrictive factor that prevents stationary mitochondria 

from fusing, or (3) both. 

The question of whether anterogradely moving mitochondria form a distinct mitochondrial pool 

with unique functional, architectural, and proteomic features is important, as mentioned already 

in the previous chapters. It might be possible that anterogradely moving mitochondria carry a 
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specific fusion protein that works asymmetrically; for example, OPA1 (Song et al., 2009) or 

OPA1-regulating protein. Another likely possibility is that the distinguishing factor is mobility (Gatti 

et al., 2023; Liu et al., 2009). The kinetic energy that results from mitochondrial movement can 

catalyze mitochondrial fusion (Hoppins & Nunnari, 2009). Similarly, multiple fusion and transport 

proteins interact with each other to facilitate fusion: For example, Mitofusin 2 is necessary for 

axonal transport and interacts with the Miro/Milton complex (Misko et al., 2010), and Miro2 is 

required for mitochondrial nanotunneling along microtubules, a process akin to fusion (Cao et al., 

2019).  

Remarkably, the fusion rates of anterogradely moving mitochondria are similar to fusion rates 

of terminal Schwann cell mitochondria, which were used as a control (Figure 3.15). This might, 

in fact, indicate that a restrictive factor prevents synaptic mitochondria from fusing. It was 

surprising that resident mitochondria do not fuse, considering how most of these organelles are 

just a few nanometers spaced apart (Figure 3.8). Synaptic mitochondria are highly organized, 

being kept in a special subsynaptic compartment that is located just above the synaptic vesicle 

zone, with all mitochondria facing neatly in the same direction (Figure 3.7). In the EM images, 

nothing specific seemed to be holding these mitochondria apart; however, the actin cytoskeleton 

would not be visible with this EM technique. Actin cages have indeed been described to 

immobilize and separate mitochondria in the cytosol, abolishing their ability to fuse (Quintana-

Cabrera & Scorrano, 2023). Mostly, these cages are formed around damaged mitochondria to 

prevent them from spreading their matrix contents (Quintana-Cabrera & Scorrano, 2023). Actin 

is indeed an important structural protein that fulfills many specific functions in synapses, including 

axonal transport (Bingham et al., 2023; Morris & Hollenbeck, 1995; Roy, 2020; Sato et al., 2022; 

Venkatesh et al., 2020). The idea of an actin cage holding synaptic mitochondria in the synapse 

could be tested experimentally, for example, by using actin depolymerization tools (Muller-Deku 

et al., 2020). 

Mitochondrial fusion plays an important role in maintaining synaptic health: for example, MFN 

modulates spine density and synaptic plasticity by shaping the kinetics of Ca2+ ion transients (Li 

et al., 2010). Indeed, Charcot-Marie-Tooth type 2A is caused by mutations in the human MFN2 

gene, and disease models again showed that mitochondrial dysmotility, dysfunction, and 

impaired fusion were closely linked in the pathogenesis of this disease (Baloh et al., 2007; Misko 

et al., 2010; Misko et al., 2012; Rocha et al., 2018). Understanding the role that mitochondrial 

transport and fusion play in synaptic mitostasis, as well as elucidating how these processes are 

regulated to fill synaptic needs will be an important next step.  
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4.5. Compartmentalized mitophagy pathways 

The experiments in the second half of this thesis also revealed a novel organellar quality control 

mechanism in motor axons (Section 3.4). Specifically, a distal site of neuronal mitophagy was 

revealed that relies on short-ranged axonal transport to local hotspots of degradative activity. 

The model proposes that mitochondria moving in axon endings are constantly checked for their 

health. Specifically, a retrogradely moving mitochondrion will stop at predefined checkpoint 

areas, where the mitochondrion will be prohibited from moving any further if it is deemed 

dysfunctional, a process that was termed mitochondrial ‘capture.’ Mitochondria then undergo 

engulfment by local lysosomes at these “checkpoints,” which are located near distal nodes of 

Ranvier of motor neuron axons and characterized by hotspots of local degradative activity.  

Mitophagy and retrograde transport were cross-coordinated at the distal nodes of Ranvier, 

which had previously been reported to mediate degradative processes by a paranodal Schwann 

cell network (Gatzinsky et al., 1997) or glial transmitophagy (Burdett & Freeman, 2014; Davis et 

al., 2014; Phinney et al., 2015). While it is possible that degradative material leaves the nodal 

cytoplasm and is transferred to the Schwann cell, such displacement of mitolysosomes was not 

clearly observed in mito-Keima time-lapses (Figure 3.27), neither did others observe 

mitochondrial uptake into junctional Schwann cells (Bishop et al., 2004), indicating that most 

lysosomal material is rather recycled inside the axon, perhaps to supply ingredients for local 

biogenesis (Klionsky & Ohsumi, 1999). On a further note, nodes of Ranvier have a specialized, 

actin-rich cytoskeleton (Lopez-Domenech et al., 2018), via that optineurin, having a myosin-

binding domain (Ryan & Tumbarello, 2018), might mediate mitochondrial captures. The 

organelle-sorting mechanism at the axon hillock heminode indeed also involves myosin V- and 

actin-related arrest of cargo from microtubule transporters (Koppers & Farias, 2021). 

Unfortunately, while the proximal heminode at the axon hillock has been extensively studied 

(Eichel & Shen, 2022), little is known about the structure of the distal heminode, so that most 

insights on why these sites are hotspots for mitochondrial captures remain speculative.   

These distal nodes supply a sequential array of perinodal “checkpoints” that control the health 

of passing mitochondria in a presumably consecutive manner, in addition to enriching locally 

passing lysosomes in these areas. This mechanism supplies each axon terminal with a semi-

autonomous system that degrades at least 75% of aged presynaptic mitochondrial volume. 

Considering that the overall amount of synaptic mitochondrial content surpasses somatic content 

by a multitude (~15000 mitochondria for the triangularis sterni, versus ~300 somatic 

mitochondria; Lin et al., 2019; Misgeld & Schwarz, 2017; Tamada, 2023), this results in an 

extensive amount of mitochondrial turnover occurring in presynaptic compartments. The 

advantage of this local homeostatic mechanism would be that it is inherently scalable, its capacity 

relying directly on the number of axon terminals. Such a system would be inherently more 
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adaptable to the individual geometrical conformation that naturally results from remodeling and 

plasticity (Sanes & Lichtman, 1999), making it particularly beneficial for perhaps large neuron 

types with extensive distal arborizations.  

Overall, whether a similar quality control mechanism is implemented in other neurons, 

especially other projection-type neurons, remains open. While lower motor neurons are incredibly 

disease-relevant, their large terminal synapses and thickly myelinated axons are not typical 

compared to most CNS neurons. However, autophagic defects are also known to affect CNS 

neurons (Stavoe & Holzbaur, 2019), and mitochondria are known to accumulate in branch points 

in these axons (Courchet et al., 2013; Plucinska et al., 2012; Spillane et al., 2013)—which are 

often nodes of Ranvier (if myelinated) and synaptic boutons. While these studies have suggested 

that mitochondria stop at CNS branch points to provide for them, it cannot be excluded at this 

point whether these sites also feature lysosomal activity.  

In motor axons, the results support the notion of a mechanistic link between defects in 

mitochondrial transport and degradation, both of which have been observed in 

neurodegenerative disease (Abeliovich & Gitler, 2016). While this model describes a hitherto 

unknown mechanism, it involves several aspects of previously published models of mitophagy 

that have been gathered from neuronal cell cultures. Specifically, the results are in line with 

autophago-lysosomal degradation involving retrograde motility that initiates distally in axon tips 

(Kulkarni & Maday, 2018; Maday, 2016; Maday & Holzbaur, 2014, 2016; Maday et al., 2012; 

Neisch et al., 2017; Xie et al., 2015). However, the work refutes the notion that broken 

mitochondria move primarily to the soma for degradation, and this being the chief purpose of 

retrograde mitochondrial transport (Cai et al., 2012; Chang & Reynolds, 2006; Griffin & Watson, 

1988; Hollenbeck, 1996; Lin et al., 2017; Miller & Sheetz, 2004; Sheng, 2014; Sheng & Cai, 2012; 

Ye et al., 2015), instead strengthening the idea that mitochondria that engage in long-ranged 

retrograde transport are relatively healthy organelles (Breckwoldt et al., 2014; Verburg & 

Hollenbeck, 2008) and that mitochondria are rather displaced from the transport machinery once 

they are damaged (Ashrafi et al., 2014; Wang et al., 2011). Moreover, this work argued against 

the classical notion that active lysosomes execute their functions mainly in the soma 

(Augenbraun et al., 1993; Cai et al., 2010; Cai et al., 2012; Cheng et al., 2018; Craig & Banker, 

1994; Han et al., 2020; Lee et al., 2011; Lie et al., 2021; McWilliams et al., 2018; Parton & Dotti, 

1993; Parton et al., 1992), as there was rather an abundance of apparently degrading organelles 

in NMJs, most likely lysosomes (Figure 3.23). It is likely that many studies have reached this 

conclusion because lysosomes are very densely arranged in somata, whereas in axons, they do 

not belong to the majority of the resident organelles (e.g., compared to mitochondria, Figure 

3.23), thus they are more loosely arranged. Particularly in small-caliber axons, the absolute 

number of lysosomes is, therefore, most likely much smaller and less noticeable than in the large 

motor axon terminals.  
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This work leaves two aspects open: the origin of the ‘captured’ mitochondria and the fate of the 

‘passing’ mitochondria. ‘Captured’ mitochondria, for example, could be individual synaptic 

organelles that have grown dysfunctional, or they could result from material sorting and 

asymmetric fission of a damaged particle (Kleele et al., 2021). As most synaptic mitochondria 

(0.05  0.03 µm3 corrected for 30% tissue shrinkage in EM reconstructions) are not much larger 

than ‘captured’ mitochondria (0.09  0.01 µm3), however, such a fission event would most likely 

have to follow a fusion event. Alternatively, the large size and circular shape of the ‘captured’ 

mitochondria might be a result of losing internal structure and osmotic swelling of the 

mitochondrial particle (Nikic et al., 2011). 

‘Passing’ mitochondria might be relatively healthy organelles that are destined to be 

“redistributed” to other areas of need, such as other synapses or axon areas (Mandal et al., 2021; 

Wong et al., 2012), or they might indeed be part of a constitutive ‘bulk’ autophagy pathway that 

moves this material retrogradely into the soma. However, redistribution to other NMJs does not 

occur in this system (observations from the mitochondrial transport dataset at branchpoints, in 

Brill et al., 2016), and ‘passing’ mitochondria did not co-localize with degradative markers (Figure 

3.26). Furthermore, the ‘passing’ mitochondria at terminal branches were much smaller than in 

stem axons (Figure 3.16), suggesting that this is not the same population and that synaptic 

mitochondria mostly do not reach the stem axon. Instead, they are perhaps taken up by one of 

the consecutive nodes of Ranvier for degradation. This would argue that the “fate” of retrogradely 

moving synaptic mitochondria is entirely different from that of more proximally moving 

mitochondria. Alternatively, they might be remodeled by fusions with axonal mitochondria into 

differently looking mitochondria, or “larger” resident mitochondria from the stem axon could 

progressively join the retrograde stream in significant amounts over time. This would make an 

argument of a contiguous “baseline stream” of retrogradely moving organelles that are targeted, 

e.g., for unselective ‘bulk’ autophagy. Alternatively, some of the mitochondria undergoing long-

range transport might be part of a retrograde signal about the distal synaptic pool towards the 

soma (Rishal & Fainzilber, 2014), or they might return to the soma for a “health upgrade” to 

receive new structural proteins, RNAs, etc., to bring back to the periphery. Regardless of this 

“baseline stream’s” specific purpose, it seems reasonable to consider that neurons employ 

multiple quality control mechanisms. For example, the peripheral quality control mechanism at 

the distal nodes of Ranvier would augment such “baseline” systems, as it is more attuned to 

neuronal geometry and acute changes in mitochondrial health. Employing such a combination of 

multiple quality control mechanisms might be a backup mechanism for overcoming acute 

distress, aging, or disruption in certain pathways. For example, the fact that mitophagy adaptors 

could potentially rescue each other (Lazarou et al., 2015) would explain why defects in mitostasis 

typically only manifest as slowly progressive problems.  
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Distal mitochondrial degradation systems might indeed serve as a “first line of defense” and 

prevent extremely damaged organelles from spreading throughout the axon and into the soma, 

thus protecting the genome from excessive oxidative damage. The failure of optineurin could 

indeed result in the “spreading” of hazardous organelles towards the soma, which could manifest 

as a disease. To summarize, the scale of this distal mitochondrial degradative system might 

reflect these regions’ high vulnerability to motor neuron diseases. With an overabundance of 

stress—disease, age, disruption of relevant pathways such as optineurin—those compartments 

might be the first to be “overwhelmed” with local turnover. In motor neurons, the distal degradative 

mechanism employs optineurin (Figure 3.31) but not PINK1 and parkin (Figure 3.29), which is 

paralleled by ALS being caused by human optineurin mutations (Cirulli et al., 2015; Maruyama 

et al., 2010), unlike Parkinson’s disease, which is rather associated with PINK1 and parkin 

(Pickrell & Youle, 2015).  Peripheral systems of mitostasis could, therefore, potentially explain 

several features of mitochondria-associated neurodegeneration: cell-type specificity, 

compartment-specificity (‘dying-back’ pattern), and slow progression.  

4.6. Mitochondrial diversity and neuronal compartmentalization 

Initially, the life cycle of mitochondria was imagined as a singular cycle encompassing all 

mitochondria equally (Benador et al., 2019), however, work on mitochondrial heterogeneity has 

increasingly added to the emerging principle that many cells, especially polarized and extended 

ones such as neurons, employ highly compartmentalized and specialized cell biological 

machinery to maintain their mitochondria. Specifically, neurons control mitochondrial shapes, 

functions, dynamics, and turnover precisely to fit the individual needs of a cell type or neuronal 

subcompartment.  

Axonal and synaptic mitochondria are stick-shaped and do not form extensive networks (Figure 

3.7), suggesting that they fuse little with each other. Indeed, the fact that the photoconversion 

experiments successfully labeled subpopulations of synaptic mitochondria without dissipating 

immediately as would happen in cultured cells argues for the existence of stably distinct 

organelles in the synapse rather than a mitochondrial network with regular fusion-fission. In a 

similar experiment in motor neuron somata, the photoconverted color also remained relatively 

stable, although it began to diffuse slightly within a few hours (Magrane et al., 2012).  It seems 

rather puzzling that neurons have high fusion-fission rates, given that defects in mitochondrial 

fusion and fission proteins are associated with neurodegenerative diseases: for example, Drp1 

mutations are lethal with severe neurodevelopmental defects (Kageyama et al., 2012; Waterham 

et al., 2007; Zhang et al., 2012) and OPA1 and MFN2 mutations have severe neurodegenerative 

phenotypes (Itoh et al., 2013). Potentially, these proteins serve other important functions 



 

 
 

– 100 –  A. N. Marahori | Discussion 

(mitochondrial size has been suggested to be important for the Ca2+ handling properties of 

synaptic mitochondria; Lewis et al., 2018). However, restriction of mitochondrial fusion might be 

necessary in motor neurons to uphold the specification of neuronal mitochondria into 

metabolically distinct subpopulations. This would indeed require that mitochondria do not 

randomly intermix their matrix contents. In other cell types, selective mitochondrial fusions (via 

limiting their motility) indeed result in functional compartmentalization within the cells (Benador 

et al., 2019; Twig et al., 2008), and disruption of fusion enhances mitochondrial heterogeneity in 

cells (Chen et al., 2005). Likely, neurons actively restrict fusion-fission only to the mitochondria 

that actually need them (for example, anterogradely moving mitochondria), and it might be the 

first step in allowing neurons to establish mitochondrial intracellular heterogeneity. How neurons 

do that and what decides which mitochondria are allowed to fuse and which are not, remains to 

be addressed in the future. 

Similarly, targeted mitochondrial transport or controlled local biogenesis are likely key to 

establishing compartmentalized mitochondrial diversity. As discussed earlier, an attractive model 

would be that anterogradely moving mitochondria are “basic” mitochondrial delivery packages 

that are further specialized by local control of mitochondrial transcripts and their transport to 

specific neuronal sites (Hees & Harbauer, 2022). However, the results from this work also leave 

open the possibility that anterogradely moving mitochondria have “special” properties that target 

them to synapses. The results from the pulse-chase experiments in this thesis argue that both 

anterograde transport and local biogenesis are crucial for establishing heterogeneous 

mitochondrial pools. Exploring mitochondrial targeting mechanisms in the future will yield 

important insights into how mitochondrial diversity is established in the nervous system. 

Last, but not least, the work in this thesis and others (Evans & Holzbaur, 2019b) show that 

autophagy is not equally distributed throughout the neuron but concentrated at specific sites. 

Instead of being delivered to the soma, most mitochondria were locally degraded in terminal 

synapses in mouse motor axons by a distal optineurin-mediated mechanism, which seemed to 

be an important protective mechanism for establishing homeostasis in motor disease settings. 

However, the study leaves it open to understand the purpose of other mitophagy pathways that 

might act in parallel. For example, the PINK1/parkin pathway did seem to have an effect on motor 

neurons (Section 3.4.8), albeit not on degradation of damaged synaptic mitochondria. Perhaps 

there are also other pathways with the purpose of establishing mitochondrial functional 

specification at certain sites by selectively degrading specific mitochondrial proteins in a local 

manner. Future work will have to address the potential role of other degradation pathways in 

motor neurons. 

To summarize, the work in this thesis exemplifies the vital role of site-specific molecular 

pathways for organelle homeostasis in highly compartmentalized cells such as neurons. The fact 
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that neurons establish semi-autonomous processes on a local level while still coordinating them 

on a global level suggests that neurons have extensive retrograde communication signaling 

between synapses and the soma, which remains poorly understood for mitochondria (Cardanho-

Ramos & Morais, 2021). Further work will hopefully address this topic further and dissect the role 

of regional mitostasis pathways in selective vulnerability during neurodegenerative diseases. 

4.7. Future directions  

Mitochondria are fascinating organelles that are essential to all living organisms. Aging 

progressively deteriorates an organism’s physiological state and is a natural process that cannot 

be stopped. Behind the macroscopic presentation of aging lie very complex cell biological 

processes, all of which have been linked to mitochondrial biology so far (Lopez-Otin et al., 2023). 

Many pathological cellular processes found in neurodegenerative disease are also common 

hallmarks of aging, only that in a disease setting, this “aging” occurs at an accelerated pace in 

selective cell types due to specific intrinsic or extrinsic stressors for those cells (Saxena & Caroni, 

2011). For example, the mitochondrial quality control mechanism discovered in this work for distal 

murine motor axons is indeed highly active in aged mice (Figure 3.22), whereas in models of 

motor neuron disease, increased mitochondrial capture already occurs at younger ages than 

normal (Figure 3.21). Naturally, aging-associated diseases are difficult to understand due to their 

multifactorial nature, making them difficult to treat.  

One of the most effective ingredients for delaying aging is caloric restriction, which is thought 

to restrict the generation of reactive oxygen species in mitochondria due to lower rates of 

oxidative phosphorylation (Flanagan et al., 2020). “Boosting” mitochondrial health has therefore 

become a popular field of study, making mitochondrial science a highly disease-relevant section 

of cell biology (Andreux et al., 2013; Monzel et al., 2023; O'Brien & Tian, 2021). However, our 

understanding of what mitochondrial “function” constitutes versus mitochondrial “dysfunction” is 

still rudimentary, and some authors still have reservations about whether this approach will be 

misleading unless it captures the actual in vivo complexity and diversity of mitochondrial 

biology—calling for more research that is focused on understanding the cell-type and 

compartment specificity of mitochondrial homeostasis mechanisms, especially in neuroscience 

(Misgeld & Schwarz, 2017; Monzel et al., 2023; Nikoletopoulou & Tavernarakis, 2018). This 

approach will likely not only have to include mitochondria but also other pieces that are part of 

neurodegenerative disease, such as synaptic excitotoxicity, defects in neuronal calcium 

handling, axonal translation, microtubules, the ER, and many more (Saxena & Caroni, 2011).  
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